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”To know what it is that you know, and to know what it is that you do not know, – that is
understanding.” by Confucius (551-479 BC)
iii
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Abstract
The focus of this study was placed on understanding the surface and catalytic chemistry
of transition metal (TM) intermetallic compounds (IMCs) and ceramics as a function of
constituent element, bulk stoichiometry, and surface composition. These e↵orts have driven
the discovery of catalysts that exhibit appropriate reactivity to enable selectively activating
C–C, C–O, and C–H bonds within linear and aromatic unsaturated hydrocarbons.
The work presented here provides two unique platforms to show how to rationally
design inexpensive non-noble metal catalysts. In the first platform, theoretical studies were
performed to investigate the fundamental bonding and surface chemistry factors of TM
ceramics and how the factors connect to reaction mechanisms of biomass transformation
towards benzene production. Our studies show that the general surface reactivity
towards carbon, oxygen, and hydrogen can be systematically manipulated as a function
of composition change within TM ceramics and can dictate catalytic activity and selectivity.
For selective biomass deoxygenation catalysts, an enhanced surface oxygen a nity and a
balanced reactivity towards carbon and hydrogen are needed. Our calculations demonstrated
that several 1st row transition metal (TM) nitrides and phosphides with relatively appropriate
surface reactivity exhibited more reasonable energetics in the deoxygenation of biomass-
model compounds, guaiacol and phenol.
In the second platform, we utilized a combination of DFT calculations and surface
composition controlled synthesis approach to design highly selective (95+%) supported
transition metal intermetallic compound catalysts for the direct dehydrogenation of light
alkane towards olefin production. Our studies demonstrated that the surface composition
of supported Ni+Ga IMCs can be manipulated as a function of support selection, actual
loading of Ni and Ga, chemical potential of reduction gas, and annealing condition. These
vi
aspects allowed us to investigate how the surface composition change a↵ects catalytic activity
and selectivity experimentally as well as to model the surface in the theoretical study to
understand the e↵ect of surface composition change on local electronic structure and on
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This introduction briefly overview the field of heterogeneous catalysis and provide a short
motivation of how heterogeneous catalysis a↵ects modern society. We also present how we
rationally design catalysts. It then focused on the main topic of discussion, transition metal
(TM) + p-element materials. We discuss the tunable surface and catalytic chemistry of TM
+ p-element materials as the function of constituent elements in promoting the selective
activation of C–C/C=C, C–H, and C–O bonds. At the end of this section, we provide a brief
summary of the material covered in each chapter.
1.1.1 Importance of Heterogeneous Catalysis
The process of discovering and developing e↵ective chemical reactions and converting fossil
resources into a wide range of fuels and building block chemicals is one of the most important
scientific developments in chemistry. A critical point for an e↵ective chemical process
is to control the reaction rate. This control is usually achieved by utilizing a catalyst–
any material that can increase the rate of a chemical reaction and determine the product
distribution. Nowadays, approximately 80% of the production in the chemical industries
utilize catalysts, which contributes to about 1/3 of the world’s GDP5. Catalysis is highly
relevent to applications such as agriculture, environment treatment, energy production, and
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commodities. For instance, the Haber-Bosch process is the current main industrial process
to produce ammonia, an important precursor to produce crop fertilizer. The process employs
an iron oxide catalyst to convert nitrogen and hydrogen to ammonia, which has enabled an
increase in the global population from approximate 1.6 billion in 1900 to today’s 7 billion6.
Most modern energy consumption depends on the refining of fossil fuels with heterogeneous
catalysts. Without catalysts, it is impossible to reduce emissions of greenhouse gases and
hazardous chemicals from the chemical industry or our cars. Catalysis has an impact not
only on the acceleration of chemical reactions but also on improving the selectivity of target
products. Global rising environmental problems and energy demand require catalysts to
perform the desired chemical transformation with maximum energy e ciency but minimal
environmental impact. Understanding the properties of the surface interaction of catalysts
is critical to reveal the potential mechanism of the catalytic reaction and to rationally design
the selective catalyst for chemical reactions.
1.2 Fundamental Understandings of Heterogeneous
Catalysis
In a heterogeneous catalytic event, the gas-phase reactant is first adsorbed onto a solid surface
following a dissociation or an interaction with other adsorbed species to form products and
eventually desorbed from the surface into the gas phase. The surface catalytic sites are then
regenerated to their original state after each reaction cycle.
To illustrate the catalytic process at the molecular level, Figure 1.1a shows the elementary
reaction steps of CO oxidation on Ni2P (001) surface. This is a simple model reaction but
including all the essentials of catalytic events. However, even in this simple case, it is not easy
work to determine the reaction mechanism due to the complexity of the various adsorbate-
adsorbate and adsorbate-substrate interactions. The surface reactivity of the catalyst governs
the specific bond cleavage or formation of the adsorbate, which leads to di↵erent reaction
pathways toward selective or unselective products. For any specific reaction path, the
catalyst can only alter kinetics rather than changing the overall thermodynamics (see Figure
2
Figure 1.1: Heterogeneous catalytic events. a) Scheme of possible processes occurred on the
catalyst surface in CO oxidation model reaction. b) the energy landscape of CO oxidation
model reaction with (black) and without (red) catalyst employed.
1.1b). Because a heterogeneous catalysis event is actually a surface science phenomenon,
it is of critical importance to study the microscopic events occurring on the surface of the
catalyst so that the activity and selectivity measured in the macroscopic chemical reactors
can be controlled.
1.3 Approach for Rational Catalyst Design
In the current study, a combination of quantum chemical modeling calculation and state
of the art experimental techniques were employed in the study to understand the surface
and catalytic chemistry of inexpensive non-noble metal materials in the activation of C–O,
C–H, and C=C/C–C bonds. The understanding investigated here is of crucial importance
to control catalytic activity and selectivity in many critical reactions, such as deoxygenation,
dehydrogenation, and selective hydrogenation. Each tool provides information that the other
cannot. The calculations were based on the density functional theory (DFT), allowing us to
obtain insight into what is happening at the atomic level including the reaction mechanisms,
surface reaction sites, binding geometries, transition state geometries, and the electronic
structure of catalyst. For experiments, various techniques were employed to determine the
synthesis methods, phase purity, particle size, and surface and bulk composition. Reactor
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study was also employed to determine turn over frequency (TOF), product distribution,
stability, catalyst regenerability, etc.
1.4 TM+p-block Element Catalysts
In 1973, Levy and Boudart reported that early transition metal carbides displayed ”Pt-like
behavior” in several catalytic reactions7. Since then, extensive e↵orts have been performed
to understand the electronic and structural properties of TM carbides and their catalytic
reactivity1;8–10. Pure TMs exhibit too aggressive surface reactivity towards C, O, and N
elements that are important components within most organic compounds. However, the
surface reactivity can be attenuated when incorporating them with the p-block elements.
Here we give a brief introduction to illustrate how the surface reactivity of pure TMs can be
modified when changing their constituent elements.
1.4.1 Surface Science of Early TM carbides and Pt+Sn IMCs in
the Activation of C=C Bond
Before the boom of computational sources happened in later 1990’s, surface science
techniques were basically the only approaches to obtain the information at the atomic level of
a well-defined single crystal catalytic material. Here we discuss a systematic surface science
study by Chen et al. over cyclohexene temperature programmed reaction spectroscopy
(TPRS) on single crystal Mo(110) and its oxidized, carburized, and nitrided surfaces (see
Figure 1.2). We attempt to illustrate how the surface reactivity can be modified when p-block
elements are incorporated with TM. The TPRS experiments were performed in a Ultra-High
Vacuum (UHV) chamber at very low pressures (<10 8 torr). The reactant, cyclohexene was
introduced at 100K and the temperature was then increased. The desorbed cyclohexene or
its products were detected by a mass spectroscopy. The desorption temperature and the
products from surface reactions could provide us insights into surface reactivity. In Figure
1.2, appreciably high carbon a nity is encountered, as expected, over the clean Mo(110)
surface. Here, cyclohexene adsorbs strongly, likely dissociates readily, and deposits as atomic
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Figure 1.2: Surface science study focused on tuning the surface reactivity of molybdenum
by introducing non-metal elements carbon, nitrogen, and oxygen. See details in reference1.
carbon. This sequence of reaction steps is evidenced by the fact that TPRS of cyclohexene
shows little cyclohexene desorption, significant H2 production at higher temperatures (400K),
and no benzene desorption. However, upon the introduction of carbon onto the Mo surface,
a switch in reactivity is encountered. The MoCx surface appears to exhibit appropriate
surface reactivity to promote the dehydrogenation of cyclohexene and produce both H2
and benzene products within a fairly narrow temperature range (300-450K). The tuning of
the carbon a nity of the surface by introducing carbon into the surface is clear. When
incorporating N onto the Mo surface, the dominant desorbed species are weakly bound
cyclohexene. A relatively small amount of dehydrogenation products (H2 or benzene) are
encountered indicating that the introduction of nitrogen into the surface has reduced the
reactivity to a level outside that of catalytically useful, e.g., the surface cannot su ciently
activate cyclohexene for dehydrogenation. A similar trend is found when oxygen is used
instead of nitrogen.
Evidence for a much wider trend in tuning carbon a nity comes from a well-defined surface
science study that focused on Pt+Sn alloys and the temperature programmed desorption
(TPD) of benzene over single crystals (see Figure 1.3)2. Pt+Sn surfaces with increasing
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Figure 1.3: Surface science study of the adsorption and desorption of benzene over single
crystals of Pt(111) and Pt+Sn surface intermetallic compounds shows a systematic reduction
of surface chemical reactivity as Sn concentration increases at the crystal surface. See details
in reference2.
Pt:Sn ratios were utilized – (2x2), low Sn concentration and
p
3, higher Sn concentration –
to show the systematic reduction in surface chemical reactivity towards benzene. Results by
Koel et al. clearly show a systematic reduction of surface chemical reactivity of Pt as Sn is
added to the system. This is evidenced by higher temperature desorption (300-500K) over
Pt(111) shifting to much lower temperatures as the concentration of Sn increases. In the
case of the lower concentration Sn surface, the concentration of strongly adsorbed benzene
molecules was significantly reduced, yet some molecules remained strongly bound to the
surface as evidenced by desorption detected up to temperatures of 500K. On the other
hand, when the Sn concentration was increased (the
p
3 surface), benzene adsorption was
drastically reduced with the most strongly bound molecules desorbing below 350K.
1.4.2 Tunable Surface Reactivity over TM + p-element Materials
From these well-defined surface science studies it is clear that carbon a nity can be
systematically controlled and even reduced to very low levels by bonding TMs with p-block
elements. It also exists a greater trend that indicates all mixtures of TMs and p-block
elements exhibit this level of control, e.g., Sn, O, C, and N all produce a range of similar
e↵ects11–15. These trends continue in non-model catalysts. For example, CO tolerant direct
methanol and ethanol fuel cell anodes based on Pd+Bi and Pd+Pb16–18; Ni+Sn catalysts
that inhibit coke formation19;20; MoS2, RuS2 in many hydro-functionalization reactions21;22;
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and Au+In and Au2S in the selective hydrogenation reactions and Ni2P, MoC2, and TiP
in the removal of hetero-atoms from petroleum and biomass23–27. Even in the classical
low temperature hydrogenation catalyst Raney Nickel, a Ni+Al IMC catalyst, we believe
these phenomena play critical roles in dictating lower temperature activity and catalyst
selectivity28;29. These general and wide sweeping trends have motivated us to investigate
several suites of Ni materials such that the trends in surface chemical reactivity may be
clearly elucidated.
1.5 Outline of the Dissertation
The major focus of this thesis dissertation is to understand the surface and catalytic
chemistry of TM + p-element materials, TM intermetallic compounds (IMCs) and TM
ceramics, as a function of constituent element, bulk stoichiometry, and surface composition.
Specific focus is on utilizing both experimental and quantum chemical modeling approaches
to investigate the fundamental mechanistic insights associated with the selective activation of
C–O, C–H, and C–C bonds in biomass deoxygenation and alkane dehydrogenation reactions.
A brief summary for each chapter was presented next.
1.5.1 Chapter 2 : Quantum Chemical Calculations
The density functional theory was first described by Walter Kohn and Pierre Hohenberg in
1960’s. They utilized the electron density to describe an interacting system of particles rather
than calculating the many-body electron wavefunction. This methodological strategy reduces
the number of variables from 3NN to only 3 spatial variables, where N is the number of
electrons in the system. The DFT calculations investigated in the study were performed using
the Vienna Ab Initio Simulation Package (VASP 5.3.5)30–33. The hydrogens were modeled
using an ultra-soft pseudopotential. The Projector Augmented-Wave (PAW) potentials were
used to model the larger atomic cores. Periodic slabs of material were used as model surfaces.
The generalized gradient approximation (GGA) of PBE-sol functional was employed to
calculate the exchange-correlation energy contributions of the Hamiltonian because it can
capture the band gap of a large suite of semiconductors within 1-2% of experimentally
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measured values34–36. Electronic structure calculation parameters were selected such that
an appropriate balance of e ciency and accuracy (< 0.1 eV) was obtained. Plane-wave basis
sets were utilized with an energy cuto↵ of 400 eV. The Brillouin zone was sampled using a
k-point mesh of 5x5x1 for hydrogen and oxygen dissociative adsorption calculations and of
2x2x1 for the other calculations.
1.5.2 Chapter 3 : Experimental Methods
In the experimental approach, we utilized both incipient wetness impregnation (IWI) and
hydroxide deposition methods to synthesize supported catalysts. For the IWI method,
the metal precursor (e.g. metal chloride, nitrate etc.) was dissolved into a tiny amount
(⇠0.5 ml) D.I. water and then mixed with oxide support (e.g. SiO2, Al2O3, etc.). In the
case of hydroxide deposition method, the metal precursor was first dissolved into about
200 ml D.I. water and a diluted NaOH solution was employed to transform the metal
precursor into hydroxide form over oxide support. The pre-catalysts were then reduced at
elevated temperature (500-700  C) using H2 and annealed afterward under Ar. The catalyst
was characterized using transmission electron microscopy (TEM and STEM HAADF) to
determine the particle size, regular and high-resolution powder X-ray di↵raction (HR-
XRD) to ascertain particle phase purity, high sensitivity low energy ion scattering (HS-
LEIS) to understand the surface composition, and high-resolution energy-dispersive X-ray
spectroscopy (HR-EDS/EDX) to determine the elemental distribution.
1.5.3 Chapter 4: Trends in the Surface and Catalytic Chemistry of
Transition-metal Ceramics in the Deoxygenation of a Woody
Biomass Pyrolysis Model Compound
This study focuses upon understanding the surface and catalytic chemistry of a large
suite of transition metal ceramic solids. The probe reaction chosen for the study is of
contemporary interest and is currently an unsolved issue in the production of fuels and
chemicals from biomass – the deoxygenation of guaiacol. The novel aspect of this study
is to e↵ectively investigate the surface chemistry of ceramics. The study has shed light
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upon the general surface chemistry needed to perform di cult deoxygenation reactions,
and has lead to discoveries concerning the general surface reactivity of ceramics towards
unsaturated hydrocarbons and their ability to participate in vdW dispersion interactions.
Critical insight into how the surface chemistry of ceramics is modified as a function of TM
and non-metal were developed and trends discovered that are applicable to all heteroatom
removal reactions. The investigations focused upon unsaturated hydrocarbon adsorption
and activation, benzene to be exact, has shed considerable light upon how the electronic
structure of ceramics dramatically reduces their surface reactivity towards C=C bonds and
almost completely inhibit normally strong vdW dispersion interactions. These discoveries
impact all olefin and aromatic compound production as well as their functionalization.
Specifically, a branch of the study shows how these interactions are tuned over a range
that includes reactivities that would result in C–C bond cleavage, gentle C=C activation
for functionalization, and no activation, which is useful for olefin or aromatic compound
production.
1.5.4 Chapter 5: The Surface and Catalytic Chemistry of the First
Row Transition Metal Phosphides in Deoxygenation
In this chapter, we discuss a computational surface and catalytic science study of almost all
1st row transition metal phosphides in their most favorable bulk stoichiometry (TiP, VP, CrP,
Fe2P, Co2P, and Ni2P) has been conducted using the deoxygenation of phenol to benzene as
a model reaction. In the design of these catalysts, understanding the role of catalyst surface
reactivity towards oxygen, carbonaceous intermediates, and atomic hydrogen in dictating
recalcitrant oxygen removal and hydrogenation activity are crucial to achieving high activity
and selectivity towards unsaturated oxygen-free aromatic products. This study focuses on
understanding the role of uniquely high surface reactivity towards oxygen of the phosphides
and how this feature is critical in driving the removal of recalcitrant oxygens from biomass-
derived molecules. This study also focused upon the equally unique low surface reactivity
of the phosphides towards the selective aromatic product benzene and their ability to limit
hydrogenation activity such that overhydrogenation could be inhibited. Control of the degree
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of hydrogenation in products in biomass deoxygenation is crucial to the e cient use of
hydrogen and has classically been di cult to achieve. This study consisted of a complete
surface reaction mechanism analysis, reaction site determination, electronic analysis, scaling
relationships between thermodynamic driving forces and kinetic barriers, and an activity
correlation analysis using a rudimentary kinetic rate constant approach. Model phosphide
surface termination and stability were determined under reaction conditions using ab initio
thermodynamics such that close connection to experimentally observed activity could be
achieved. This study is the most thorough study to date on transition metal phosphides and
is unique in that connections have been made between reaction dynamics and phosphides
surface chemistry and electronic structure.
1.5.5 Chapter 6: Controlling the Surface Chemistry towards
Unsaturated Carbon-carbon Bonds over Non-oxide Transi-
tion Metal Ceramics: Trends in Adsorption and Distortion
Energies and Adsorbate ”Activation”
This chapter focused upon understanding greater trends in surface chemistry with respect
to transition metal and p-block element selection. The adsorption of benzene was used as
a probe and analyzed for ceramic surface termination/composition under a model reducing
environment. An in-depth structural analysis was performed for benzene in the adsorbed
geometry with correlations to the energy of this molecule in its distorted state in the gas
phase. Under the reducing condition, the reactivity of p-block element of all 1st row
ceramics is significantly attenuated. When larger 2nd or 3rd row transition metals were
employed, surface lattice p-block elements were more easily removed under H2 reducing
environment. These materials exhibited generally elevated surface reactivity in comparison
with the 1st row ceramics, and significantly elevated reactivity when metal terminated.
Energetic, structural, and electronic analysis added more resolution to the map of surface
chemistry of the ceramics and further isolated materials that may drive specific types of
reactions, e.g., C–C cleave, C=C hydrogenation or functionalization, C–H cleavage, etc.
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With respect to quantifying activation, the distortion energy may be developed to serve as
an informative surface reactivity marker aiding in catalyst discovery.
1.5.6 Chapter 7: Selective and Stable Non-noble-metal Inter-
metallic Compound Catalyst for the Direct Dehydrogena-
tion of Propane to Propylene
The aims of this chapter is to greatly broaden the heterogeneous catalysis community’s
understanding of controlling the activation of C–/C=C and C–H bonds in the selective
dehydrogenation of alkanes. Non-noble metal intermetallic compounds (IMCs) composed
of atomically ordered mixtures of transition metals (TM) and post-transition metal or
semimetal elements provide a large compositional space that can be utilized to tune
the surface chemistry towards C–H, C–C, and C–O bonds of various saturations that is
of significant interest to the greater heterogeneous catalysis community. Production of
unsaturated hydrocarbons (olefins and aromatics) and their use as chemical building blocks
form a significant portion of the foundation of the chemicals industry. However, the unusual
balance of reactivity between the product and reactant leads to considerable challenges
in controlling catalyst selectivity while still achieving appreciable conversion. Utilizing a
dehydrogenation reaction (i.e. propane to propylene), we have investigated the innate surface
chemistry of a suit of IMCs in promoting C–H activation while simultaneously limiting C=C
or C–C activation, hydrogenation, and coke formation. The study consisted of a stability
evaluation, catalyst regeneration ability, a comparison of catalytic performance to industrial
catalysts, a systematic performance test as a function of surface composition change, and a
special focus on the e↵ect of propylene activation on selectivity. The broad impact of the
study, with respect to the systematic changes in surface and catalytic chemistry a function of
surface composition, makes the understanding and conclusions drawn in the study applicable
to a variety of reactions that need di↵erent degrees of surface reactivity towards C–C/C=C
bond, such as dehydrogenation, hydrogenation, and reforming reactions.
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1.5.7 Chapter 8: Direct Ethane Dehydrogenation to Ethylene
with High Selectivity and Stability over Non-Noble Metal
Ni+Ga Intermetallic Compound Nanoparticle Catalysts
In this chapter, we attempt to present our work on developing non-noble metal intermetallic
compound solid catalysts for the direct dehydrogenation of ethane to ethylene. The synthesis
techniques were designed to produce oxide-supported nanoparticles of Ni+Ga IMCs with
relatively pure-bulk crystal phase of Ni3Ga. Our techniques also allow for this phase to be
kinetically trapped, even at reaction temperatures of 600 C, and actual Ni and Ga loading
on the oxide to control the surface composition and catalytic chemistry of the Ni3Ga IMC
particles. This control is mostly unprecedented and allows for considerable control of the
catalytic properties of the nanoparticles. Through these e↵orts we have achieved 90+%
selectivity towards ethylene from ethane in an argon diluent gas with turn-over frequencies
comparable to established dehydrogenation catalysts. Stability of the catalyst was very good
and could actually be improved after a reaction-regeneration-reaction cycle. These results
suggest intermetallic compound solids may be able to answer many contemporary needs in
surface and catalytic chemistry. Specifically, low surface reactivity towards unsaturated C-C
bonds. Reduced reactivity towards C=C bonds is necessary in any catalytic process that
produces olefins or aromatics or seek to selectively activate other reactive moieties in an
unsaturated molecule, e.g., unsaturated aldehydes and nitro compounds.
1.5.8 Chapter 9: Summary and Future Work
In chapter 9, we summarize the major findings of this study, and attempt to present a
bigger picture of how the TM + p-element materials exhibit vastly new surface chemistry.
Future work is also suggested after conclusions. In the future work, more fundamental work
will be performed to determine the surface composition of TM IMCs that is responsible
for the selective C–C/C=C bond activation in alkane dehydrogenation reactions. Synthesis
mechanisms will also be investigated to further understand how to control the bulk crystal
phase and surface composition of TM IMCs. Lastly, we would like to expand this work
to design inexpensive, selective, and stable TM + p-element materials that could perform
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In this section, we describe the theoretical and experimental approaches utilized in this
work. First, we discuss Density Functional Theory (DFT), the engine for the theoretical
work. It o↵ers insight into what is happening at the atomic level, specifically including
information about reaction mechanisms, surface reaction sites, binding geometries, transition
state geometries, and the electronic structure of the catalyst. Following the theoretical
approach, we describe the experimental methods including catalyst synthesis, reactor design,
reaction conditions, and characterizations. Finally, the fundamental aspects behind each
characterization techniques are presented.
2.2 Introduction to Theoretical Approach
2.2.1 Density Functional Theory (DFT)
It is well known that the classical Newtonian mechanics can successfully describe and model
the dynamics of macroscopic events. However, this theory fails when it describes phenomena
at the microscopic level, such as atomic and molecular structure or the interaction between
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electromagnetic radiation and matter. Many preeminent scientists have made extensive
e↵orts to accurately describe microscopic phenomena. In 1926, Erwin Schrödinger derived a
theory that could accurately describe the atomic phenomena observed experimentally. His
theory captured both macroscopic dynamics and microscopic interactions within atoms and
molecules37.
E = H (2.1)
’H’ is the Hamiltonian operator that operates on the wave function  . The wave function
( ) contained information about the probability of electron distribution within the potential
possessed by the positively charged nuclei. ”E” represents the energy associated with each
interaction involved within the Hamiltonian upon the wave-function  .






































The first three terms are the kinetic energy of the electrons, the interaction of electrons
with other electrons, and the interaction of nucleus with other electrons. The last two terms
represent the kinetic energy of the nucleus and the interactions between nuclei. The Born-
Oppenheimer approximation neglected the kinetic energy associated with relatively heavy
nuclei. However, solving the Schrödinger equation is still very di cult since a multi-particle
wave function relies on all the spatial coordinates of the particles. The system still su↵ers
from 3NN–dimensions , where N is the number of particles in the system. DFT was first
developed by Walter Kohn and Pierre Hohenberg in 1963. They utilized electron density as
a variable to describe an interacting system of particles rather than calculating the many-
body electron wavefunction. This strategy significantly simplified the SchrÖdinger equation
by transforming the di cult N-electron many-body problem (3N dimensions,  (r1, r2,...,
rN)) to the system dealing with many one-electron wave-functions ( (⇢(r))). Two years
later, Kohn and Sham developed mathematical formalisms that were more widely applicable
(eqn. 2.3-2.6).
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The first three terms in eqn 2.3 are kinetic energy (Ts), the electrostatic interaction of
electron with nucleus (Velec nuc), and the electronic interaction between electron and electron
(Velec elec). They have already been well quantified. However, the last term, which represents
the electron exchange and correlation e↵ects (EXC), is still under developing. Therefore, the
accuracy of DFT calculations depends mostly on the choice of the exchange and correlation
functionals. So far, several approximations have already been proved by comparison with
experimental measurements to limit the error within 0.1 eV in adsorption, desorption, and
surface reactions, which is accurate enough to provide useful information for catalysis at the
atomic level.
Currently, the exchange and correlation e↵ects in DFT calculations are approximately
described by two main types of approximations, namely local electron density (LDA) and
generalized gradient approximation (GGA). LDA (eqn. 2.7) is based on the homogeneous
electron gas model in equilibrium and depends solely upon the value of the electronic density
at each point in space38. This method can successfully describe the electron-electron EXC of
multi electron systems with a certain degree of accuracy. However, as more various materials









To remedy the deficiencies of LDA, GGA (eqn. 2.8) was then developed by employing
density gradients39;40. As mentioned above, the electronic exchange and correlation
functionals are still an ongoing research topic for achieving a higher accuracy in DFT
calculations. Many GGA functionals have been developed such as Perdew-Wang 91 (PW91),
Perdew-Burke-Ernzerhof (PBE), revised PBE (RPBE), and PBE-solids (PBE-sol). This
study utilized the PBE-sol GGA functional because it can capture the band gap of a large
suite of semiconductors within 1-2% of experimentally measured values34–36. PW91, PBE,








The DFT calculations investigated in this study were performed using the Vienna Ab Initio
Simulation Package (VASP 5.3.5)30–33. The hydrogens were modeled using an ultra-soft
pseudopotential. The Projector Augmented-Wave (PAW) potentials were used to model
the larger atomic cores. Periodic slabs of material were used as model surfaces. The
generalized gradient approximation (GGA) of PBE-sol functional was employed to calculate
the exchange-correlation energy contributions of the Hamiltonian. Electronic structure
calculation parameters were selected such that an appropriate balance of e ciency and
accuracy (< 0.1 eV) was obtained. Plane-wave basis sets were utilized with an energy cuto↵
of 400 eV. The Brillouin zone was sampled using a k-point mesh of 5x5x1 for hydrogen and
oxygen dissociative adsorption calculations and of 2x2x1 for the other calculations. The
kinetic barriers for elementary reaction steps were calculated using climbing nudged elastic
band (cNEB) approach or the DIMER method41–45. The models were optimized when forces
were achieved to be less than 0.1 eV/Ang on each atom.
Surface Facet Determination
The choice of surface facet for each ceramic material was either motivated by established
computational studies or determined manually8;9;46–58. When surface facets were selected
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manually, the surface facets with the highest degree of atom packing symmetry, lowest like-
ion ion-ion interactions, and the lowest degree of surface corrugation were chosen. The
surface energies for the promising facets were then calculated and compared to find the
lowest energy facet for use in the study. Figure 2.1 showed an example of how to isolate
the most favorable facet by calculating the surface energy of several promising surface
facets over the 1st row TM phosphides. In this dissertation, the most favorable surface
facets of TiP (001)52;59, CrP (101)59, Fe2P (100)59, Co2P (010)59, Ni2P (001)52;55;59;60, TiC
(100)61;62, TiN(100)48, Ni3S2 (001)51, Mo2C (001)9;54;58, MoC (001)8;54, Mo2N (100)55;63,
MoN(100)64;65, and WC (001)54;57 were either motivated by our prior work or by taking
from the established computational work by others. The surface facets of the parent metals
of the TM ceramics utilized were Ti (001), Cr (110), Fe (110), Co (001), Ni (111), Mo
(110), W (110), Au (111), Pd (111), and Pt (111), which were selected from the established
published work54;66–69.
Figure 2.1: Calculated surface energies for the promising facets of the 1st row TM
phosphides to determine the most energetically favorable facet.
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Magnetic Property Determination
The magnetic properties for the TM ceramics investigated in the study need to be considered
in order to properly capture their electronic structure and surface chemistry. The estimation
of magnetic moment over the investigated TM ceramics was performed by testing a range of
magnetic moments while optimizing the bulk solids until a minimum energy was achieved.
Amongst all TM ceramics investigated in our study, NiO was calculated as antiferromagnetic
with a magnetic moment of 1.64 µB for Ni70–72. CrP, Fe2P, Ni3S2, and Ni2P exhibited
paramagnetism. With benzene present on the surface, the magnitude of the magnetic
moment of Fe in Fe2P was 1.54 µB and the values were zero over the other three materials. No
magnetic moments on Ti-based materials, molybdenum carbides and nitrides, and tungsten
carbide were found to be favorable under any circumstances.
Surface Termination Determination
We employed an ab initio thermodynamics approach to determine the surface termination of
TM ceramics investigated in this study under a reaction condition of 350 C and ⇠70 mol%
H2 at 1.0 atm (Table 2.1). This approach aimed to model the surface composition of the
TM ceramics after they exposed to the reducing H2 environment. The approach contains
a reaction between the atomic H from H2 and the surface p-block elements that result in
the formation of the corresponding gases, e.g. CH4 for carbides, NH3 for nitrides, H2S for
sulfides, and PH3 for phosphides. In this approach, the removal of weakly bound surface
p-element may occur if an exothermic or low endothermic energetics was encountered. In the
contrary, the surface p-element atoms would be stable when highly endothermic energetics
were required for the removal. Again, the approach models the material surfaces under
reducing reaction conditions and does not include the reactant of specific reaction where
their chemical potentials and the surface composition would likely be di cult to model, e.g.
alkanes in dehydrongenation, alkylene in selective hydrogenation/functionalization etc.. The
approach utilized a range of manually-produced p-element rich to metal-terminated surfaces.
The surface p-element atoms were sequentially removed and the Gibb’s free energy for each
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Table 2.1: Gibbs free energies of surface composition change over the investigated TM
ceramics at 350 C) using 80% H2 as reactant and hydrogenated non-metal compounds as
products, e.g., CH4, NH3, H2O, H2S, and PH3. The surface was reduced from non-metal
compounds rich ((✓1.25) towards metal-terminated surface. The highlights indicated the
surface favored a bulk-like termination.
Catalyst ✓1.25!✓1.0 ✓1.0!✓0.75 (vacan.) ✓0.75!✓0.5 ✓0.5!✓0.25 ✓0.25!✓0 (M terminated) Ref. gas
TiP 0.17 -0.14 0.15 0.82 2.03 PH3
CrP -0.45 1.18 1.27 2.12 1.10 PH3
Fe2P 0.31 1.23 1.75 1.27 2.11 PH3
Co2P -1.20 1.35 1.34 1.49 1.51 PH3
Ni2P 0.07 0.87 1.14 1.38 2.05 PH3
Ni3S2 0.31 1.34 1.26 1.11 0.84 H2S
Ni3C –5.0 –3.5 –3.5 –3.4 –3.4 CH4
Ni3N –3.4 –1.5 –1.5 –1.5 –1.4 NH3
NiO –5.9 –3.5 –1.8 –1.0 –0.1 H2O
TiC -3.98 -1.55 -0.52 -0.37 -0.20 CH4
TiN -3.51 0.79 2.00 2.00 2.03 NH3
Mo2C -2.58 -2.95 -2.71 -2.38 -2.45 CH4
MoC -2.99 -3.89 -2.21 -0.86 -0.69 CH4
WC -1.23 -3.98 -3.88 -3.50 -3.05 CH4
Mo2N -0.07 0.44 0.40 1.30 0.62 NH3
MoN -3.48 -1.82 -1.22 -0.43 0.12 NH3
removal step was calculated. An across from exothermic to endothermic was used to mark
when the surface composition became stable.
The equations used for the calculations are:
 G(T, P ) = Gf +NAHxµAHx   (Gi +NH2µH2) (2.9)
Gi and Gf are the Gibb’s free energy for the slab of TM ceramics before and after each
p-element atom removal, respectively, which can be presented as
G = E + Evib + PV   TS (2.10)
where AHx represents the product produced by the removed p-element atom with H2, e.g.
CH4, NH3, H2S, etc.. NX is the number of molecules of reactant and product used and
produced in the reaction. E and Evib represented the internal and vibrational energy of the
systems. The chemical potential of p-element-based gases and molecular H2 are represented
by µAHx and µH2 . The gas phase chemical potentials (µ) could be calculated by using the
following equation.
20
µ =  µX(T, P ) + EX (2.11)
The e↵ects of temperature and pressure on the free energy of the gas phase molecule
were obtained from NIST thermochemical tables73. The internal energy, EX , is computed
by DFT calculations. The eqn. (2.12) is achieved by combining eqn. (2.9)-(2.11).
 G(T, P ) = (Ef + µAHx(T, P )+EAHx +Evib,f )  (EI +NH2 µH2(T, P )+NH2EH2 +Evib,i)
(2.12)
Since any p-element-based gases produced from the removal of p-element process would
be swept away from the catalyst in the common flow reactor, we assumed their chemical
potential to be negligible. This assumption could simplify the calculation to only depend
on the formation energy of p-element-based gases and the chemical potential of H2. We
also neglected the contribution of surface vibration of initial and final state since their
minor contributions in comparison to reaction energetics and gas phase chemical potentials.
Therefore, a simplified version of eqn. (2.12) can be obtained in eqn. (2.13).
 G(T, P )⇡Ef + EAHx   EI  NH2 µH2(T, P ) NH2EH2 (2.13)
2.2.3 Kinetic Rate Constant Calculation
To shed light upon the active reaction pathways and the rate-determining steps within the









where kb is the Boltzmann constant, T is the temperature, h is Plank’s constant, QTS,vib and
QIS,vib are the partition functions for the transition state and the initial state, respectively,










where vi is the vibrational frequency of each vibrational mode of the adsorbates computed
from DFT calculations. The reaction conditions were set to 300 C with 70% H2.
2.2.4 Tests of XC functions
To ascertain the degree of variation in the results as a function of XC functional, the
deoxygenation reaction mechanism determined using PBE-sol was investigated over TiP
using PW91 and PBE as well (see Figure 2.2). The oxides, TiO2 and NiO, are known
to exhibit highly correlated electronic structures71;74;75; therefore, the DFT+U method of
Dudarev et al. was employed to impose on-site Coulomb and exchange interactions (Hubbard
U correction). The e↵ective Hubbard repulsion value (Ueff = U – J) was 2.0 eV and 6.45
eV for TiO2 and NiO, respectively74–76. All calculations were performed using a basis set
electronic plane wave cut-o↵ of 400 eV. Van der Waals (vdW) dispersion e↵ects were captured
using a modified version of the vdW-DF method, namely optB86b-vdW77–80.
Figure 2.2: Guaiacol deoxygenation reaction mechanism over TiP utilizing di↵erent XC
and vdWs functionals to ascertain the degree of variation in the results as a function of XC





The catalyst synthesis method by incipient wetness impregnation is a general methodology.
It is very simple and able to to deposit a wide range of precursors on many supports81–84.
In this method, the concentrated precursor solution (e.g. metal nitrate, chloride, metal
organic compound, etc.) is mixed with the oxide support. The overall particle dispersion
and particle size can be influenced directly by the interaction strength between precursor and
support. The precursor-support interactions can vary drastically with respect to di↵erent
precursor/support combinations. After deposition, further treatments (e.g. oxidation or
reduction) at elevated temperature (400-700 C) are usually needed to produce crystallized
nanoparticle as well as liberating the active metal sites from the precursor. In this process,
the metal-support interaction strength further a↵ects the overall dispersion and particle
size. For TM ceramics and IMCs, the bulk stoichiometry and surface composition can also
be a↵ected. Annealing process under inert gas (Ar or N2) may be needed sometimes to
promote particle growth or reorganize the binary materials.
Hydroxide Deposition Method
The deposition precipitation (DP) method is a more advanced synthesis technique to produce
solid catalytic materials. Weak bases such as Na2CO3, K2CO3, and (NH4)2CO3 are common
chemicals to promote the precipitation of metal precursors in this method. We named this
method as hydroxide deposition method since NaOH is utilized to produce the precipitation
from metal precursors in this work. The precipitate is stabilized on the support by attractive
electrostatic interactions. The rate of precipitation and deposition can be controlled at a
certain level by adjusting the concentration of NaOH solution, synthesis temperature, and
PH value. Similar to the incipient wetness impregnation method, further pretreatment is
needed before any catalytic reaction.
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2.3.2 Step-by-step Procedure
Specific Procedure for Incipient Wetness Impregnation
SiO2 supported Ni+Ga (10 wt%) and oxide supported Ga catalysts were prepared using
incipient wetness impregnation method. For oxide supported Ga materials, 5.4 wt% Ga was
loaded on Al2O3 support to mimic the amount of Ga in Ga-rich Ni3Ga/Al2O3 catalyst and
2.8 wt% of Ga was loaded on SiO2 support to mimic the amount of Ga bulk-like Ni3Ga/SiO2
catalyst. Ni3Ga/SiO2 with small particle size was produced after a reduction by pure H2 at
700 C for 2 hours. Large particles of Ni3Ga/SiO2 were obtained via an annealing treatment
for 12 hours under Ar after reduction. All samples were pretreated in-situ in the reactor
and used directly to avoid contacting with air. Before any characterization, passivation was
performed under 1% O2/Ar at room temperature for 1hr to protect the sample from further
oxidation by air and the sample reduced in situ in the characterization apparatus. This was
not possible for the TEM studies.
Incipient wetness impregnation method was utilized to synthesize Al2O3 supported Pt-Sn
(mimic Oleflex from UOP) and CrOx (mimic Catofin process from CB&I Lummus) catalysts
to compare our Ni+Ga IMC catalyst to the commercialized catalysts. For Pt-Sn catalyst,
1.5 wt% Pt, 1.2 wt% Sn, and 0.8 wt% K were utilized. For CrOx, 20 wt% and 1.2 wt% K
were applied. The specifically compositions chosen for Pt-Sn and CrOx catalysts were closed
to those utilized in industry85–87. The Pt-Sn and CrOx catalysts were then dried under
air overnight at 100 C. Pt-Sn was then followed a calcination pretreatment at 560 C for 3
hours and an in-situ reduction process for 1 hour at 590 C before propane dehydrogenation
reaction. For CrOx catalyst, it was calcined for 6 hours at 600 C before the reaction.
Specific Procedure for Hydroxide Deposition Method
All Al2O3 supported Ni+Ga catalysts (10 wt%) were synthesized by a hydroxide deposition
method using Ni(NO3)2*6H2O (Sigma Aldrich) and Ga(NO3)3*xH2O (Sigma Aldrich) as
metal precursors and alumina (Alfa Aesar) as support material. During the synthesis process,
Ga(NO3)3*xH2O was first dissolved into 150 ml D.I. water at 70 C. Diluted NaOH solution
was used to transform the Ga precursor into a hydroxide-nitrate at the pH of 3.9. Al2O3 was
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then input into the solution and aged for 0.5 hour. Next, specific amount of Ni(NO3)2*6H2O
(based on Ni:Ga actual loading) was introduced and transformed into the hydroxide-nitrate
form at the pH of 7.0. The solution was then aged for another 0.5 hour. The sample was
washed, filtered, and then dried under air at 100 C for 3 hours. The dried powder was
reduced at 500 C by 2% H2/Ar for 1 hour and annealed at 700 C under Ar for 12 hours.
2.3.3 Reactor Studies
Catalytic activity tests were performed using a temperature controlled self-built flow reactor
(Figure. 2.3). The reactor system composed of a vertical quartz reactor (0.5 in diameter)
heated by a vertical oven. A thermocouple was introduced directly above the catalyst bed
inside the quartz tube for temperature control. About 100 mg catalyst was diluted with 1000
mg 100-mesh SiC to ensure a uniform bed and minimal pressure drop. Quartz wool plugs top
and bottom of the catalyst bed were used to fix the bed in the tube. Figure 2.3 is presented
for the reactor design. The catalyst was normally pretreated in-situ after synthesis to avoid
contacting atmospheric oxygen. The reaction gases used were research grade alkanes and
ultra-high purity Ar. They were fed into the reactor via Swagelok tubing with the flow rate
controlled by mass flow controller. Standard operating reaction conditions were 2 standard
cubic centimeters per minute (SCCM) alkane balanced only with Ar to keep a total total
flow rate of 20 sccm. Reactions were performed between 500 and 600 C at ambient pressure.
The outlet stream was analyzed every half hour using an on-line gas chromatograph (SRI)
equipped with a HayeSep-D column and a flame ionization detector (FID) and a thermal
conductivity detector (TCD).
2.3.4 Characterization Methods
Various catalyst characterization techniques were employed to characterize the catalysts
investigated in this dissertation. Transmission electron microscopy (TEM) operated in
bright field imaging or high angle annular dark field scanning mode (HAADF-STEM) were
utilized to investigate the particle size, geometric structure, and particle distribution of a
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Figure 2.3: Scheme of self-built flow reactor.
catalytic material. STEM equipped with Energy Dispersive X-ray Spectroscopy (STEM-
EDS) was conducted to understand the elemental composition and distribution of catalysts.
Regular and high-resolution powder x-ray di↵raction (XRD) were utilized to measure the
bulk crystal structure of all catalysts. High sensitive low energy ion scattering spectroscopy
(HS-LEIS) was used to understand the surface composition of a suit of supported Ni+Ga
IMC materials. Di↵use reflectance infrared fourier transform spectroscopy (DRIFTS) was
utilized to understand the types of surface reaction sites (e.g. atop, bridge, hollow etc.) and
the molecular activation. Inductively coupled plasma - optical emission spectrometry (ICP-
OES) was applied to analyze the compositions of element in samples. H2/CO chemisorption
was used to determine the amount of active metal sites on surface for calculating turnover
frequency (TOF).
Transmission Electron Microscopy (TEM) and Scanning TEM (STEM)
The particle size, geometric structure, and particle distribution of the oxide-supported Ni-
based IMC catalysts were determined by transmission electron microscope operated in bright
field imaging or high angle dark field scanning mode (HAADF-STEM). A primary electron
beam is generated by a tungsten filament under a very high voltage environment (60-300kV).
The measured sample is then bombarded by the high-energy electron beam. The transmitted
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electrons are projected onto a fluorescent screen and a bright field image is produced. In
the STEM mode, the electron beam is focused to a fine spot with the size of 0.05-0.2 nm
and rastered across the sample. In STEM mode an HAADF image can be produced by
collecting the scattered electrons in a high angle annular region. Because this technique is
highly sensitive towards the atomic mass, it was utilized to analyze the coke formation over
the catalyst after reactions. The measurements of the catalyst were performed either on
Talos FEI F200X operating at 200 KV at Oak Ridge National Lab (ORNL) or on ZEISS
LIBRA 120 operating at 120 KV at the University of Tennessee. Holey carbon TEM grids
were used for all measurements. Before loading on the TEM grids, catalysts were dispersed
in methanol and sonicated.
Energy Dispersive X-ray Spectroscopy (EDS)
In the STEM mode, EDS can be equipped to measure the elemental composition and
distribution of a catalyst. This technique is based on an interaction between a sample
and a focused electron beam, which causes the core electrons within the sample excited
and emitting to vacuum or empty energy states88. This results in producing a vacant state
after the excitation occurs. The electron at a higher energy level then fills the vacant state
simultaneously generates an X-ray photon that possesses the energy same as the energy
di↵erence between the two excited states. This aspect allows to identify the elements within
the sample. EDS measurements presented in this work were performed on Talos FEI F200X
operating at 200 KV at Oak Ridge National Lab (ORNL).
pXRD and HR-pXRD
XRD is a common technique to determine the crystallographic structure of a material. The
bulk crystalline phase can be obtained directly by XRD measurement. This technique is
based on the interaction between X-rays emitted from a source (e.g. Cu ka radiation)
and atoms in a periodic lattice. Because the wavelength of X-rays is typically the same
order of magnitude (0.1-10 nm) as the spacing between planes in the crystal, the di↵raction
patterns can be produced and used to identify the crystallographic phases of catalyst. XRD
measurements in our work were performed on a PANalytical X’Pert Pro system using Cu
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Ka radiation at ORNL. The scan of XRD covered the 2✓ range 15-90 degree with a step
size of 0.017 degree and scan speed of 0.006 degree/s. High resolution synchrotron powder
di↵raction (HR-XRD) data were collected using the mail-in service at the beamline 11-BM
at the Advanced Photon Source (APS), Argonne National Laboratory using an average
wavelength of 0.41 Å. The scan of HR-XRD covered the 2✓ range 0.5-50 degree with a step
size of 0.001 degree and scan speed of 0.01 degree/s. Highscore Plus software was used to
analyze the XRD results.
High Sensitivity Low Energy Ion Scattering
The High Sensitivity-Low Energy Ion Scattering (HS-LEIS) spectroscopy is a truly surface
sensitive technique that can provide the information of surface composition and segregation
for catalytic materials (see Figure 2.4). LEIS spectra were collected utilizing an IONTOF
Qtac100 spectrometer (Lehigh University). Briefly, the samples were prepared for analysis
by compressing powder into LEIS sample holders with filter paper over the powder to prevent
contamination from the press. Each sample was then exposed to room temperature H atoms
generated from a plasma source for 30 min. Ne+ ions with the energy of 5 keV were utilized
to probe the Ni and Ga elements. An ion dose of 5 x 1014 cm 2 was first used over a wider
energy range to provide better signal-to-noise ratio and seek potential contamination from
heavier atoms. After that, 1 x 1014 cm 2 was performed to collect data with less concomitant
surface damage during the analysis. In LEIS experiments, the signal in an individual LEIS
spectrum, particularly using a Ne+ probe, is almost entirely due to the top exposed atomic
layer of the material. The theory is that if a Ne+ probe ion were to penetrate beyond the
immediate surface of the sample, it would take an electron from the surrounding material and
become neutral. If that projectile subsequently scatters from a buried atom and reemerges
from the sample surface as a neutral Ne, it would not be detectable by the spectrometer89;90.
If it were to be re-ionized upon leaving the sample, which is unlikely for Ne but more common
when using a He+ probe, it would emerge at a kinetic energy lower than that corresponding
to an atom at the surface of the target element.
For the quantification of surface elemental composition, calibration is needed by
measuring either the pure metal or metal oxide90–96, or performing depth profiling and
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Figure 2.4: Scheme of LEIS
utilize the bulk composition as the reference97–102. In this study, HS-LEIS was utilized
to characterize the surface composition of (1:1 Ni:Ga)@Ni3Ga/Al2O3 before and after
reaction, Ni3Ga/SiO2, and NiGa/SiO2 with and without annealing treatment. The annealed
Ni3Ga/SiO2 catalyst was utilized as a well-defined standard since it exhibits pure phase
Ni3Ga bulk crystal structure, relatively uniform particle size (⇠6.8 nm), and not su↵er from
Ga sticking on the surface. Therefore, the ratios of the integrated scattering intensity of Ni
to Ga at the end of depth profiles (in the range of ⇠2-3 nm) were normalized to the bulk
stoichiometry and utilized as reference value to estimate the elemental composition at other
layers.
The theoretical estimation of surface atomic density of Ni3Ga is on the order of 1015
atoms/cm2, which coincides with the general assumption of surface atomic density over a
wide range of materials in published work91;92;103. A dose of ion fluence of 1x1015 ions
cm 2 with a sputter beam of 0.5 keV Ar+ was then estimated to remove ⇠1 atomic layer
(⇠0.3 nm)93;98;99;101;104;105. It is also noted that an accurate sputtering rate is di cult to
determine since it is a↵ected by many factors such as atomic weight, elemental sputtering
yield, material density, actual elemental composition, and crystallographic structure in the
outermost surface region. Therefore, we still utilized the estimation that a dose of ion
fluence of 1x1015 ions cm 2 corresponds for a removal of one atomic layer based on literature
suggestion93;102;105;106. The depth profiling study in this work was performed utilizing a
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sputter beam of 0.5 keV Ar+ with a total ion fluence of about 4 x 1014 ions cm 2 per cycle.
Therefore, approximate 0.1 nm atomic layer was removed per cycle.
ICP-OES
Inductively coupled plasma optical emission spectrometry (ICP-OES) is an analytical
technique used to determine the overall element composition of a catalyst dissolved in an
acid solution. Argon plasma is generated by the ICP torch at the temperature from 6000
to 10,000K. The atoms or ions in the acid solution can be excited by the plasma to emit
electromagnetic radiation with the specific wavelength associated to a particular element.
The intensity of this emission is used to measure the concentration of the specific element
within the material. The elemental analysis in this dissertation was performed using Agilent
Technologies 5110 ICP-OES over all supported Ni+Ga catalysts. The commercial ICP
standards of Ni and Ga (1000 mg/L in 5% nitric acid aqueous solution, Sigma Aldrich)
were utilized for calibrations. The synthesized Ni+Ga catalysts were autoclaved at 100 C
overnight in the mixture of diluted HF and HNO3 acids to ensure they were completely
dissolved before ICP measurements.
Chemisorption
The amount of active metal sites for the calculation of TOF was determined via chemisorp-
tion of H2 and CO by using Autosorb-iQ/MP-XR. About 0.2-0.5 g sample was applied in
the chemisorption measurements. The sample was first outgassed at room temperature,
heated up to 400 C under a flow of H2 (80 sccm), and then kept at this temperature for
2 hours. After this treatment, the sample was outgassed under vacuum for 2 hours. Then
the sample was cooled down to 40 . After the pretreatment, the chemisorption of H2 or CO
were performed at 40 C. The isotherms were lineal in the range of used pressures (0-640




Trends in the Surface and Catalytic
Chemistry of Transition Metal
Ceramics in the Deoxygenation of a
Woody Biomass Pyrolysis Model
Compound
3.1 Overview
In this chapter, we will show how to utilize DFT calculations to investigate the general
surface chemical reactivity, surface reaction site nature, and reaction mechanisms of ten
transition metal ceramics in the catalytic reaction of guaiacol deoxygenation – a model
compound for aromatics in woody biomass pyrolysis oil. The study was composed of Ti
and Ni oxide, carbide, nitride, sulfide, and phosphide to ascertain the e↵ect of element
selection on surface and catalytic chemistry. Results indicated that systematic trends in
surface chemistry are present in the transition metal ceramics and that transition metal
phosphides present specially balanced reactivity towards O, C, and H that results in their
appreciable catalytic activity in deoxygenation reactions. The remaining ceramics were found
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to exhibit either too low or too high of reactivity towards oxygen, carbon, or hydrogen, which
resulted in insurmountable thermodynamic and kinetic barriers for C–O bond cleavage or
hydrogenation and the presence of surface poisons that could not be e↵ectively removed.
Over a large number of ceramics, the p-block element played a critical, if not dominant role
in the surface chemistry.
3.2 Introduction
Catalytic deoxygenation of chemical feedstocks that contain high oxygen to carbon ratios,
e.g., cellulose C:O of 1:1 and lignin C:O of ⇠3:1, has spawned the need for heterogenous
catalysts that exhibit unconventional surface chemical reactivity towards C, O, and H.
E↵ective catalysts must exhibit an appropriate degree of oxophilicity to promote C–O bond
cleavage at reasonable temperatures and pressures. This is especially critical in the removal of
phenolic oxygens in the upgrading of the organic fraction of pyrolysis oil from woody biomass.
After oxygen removal, it is then critical to limit over-hydrogenation of C–C double bonds if
olefin and aromatic production are desired. Therefore, surface reactivity that governs C–O
cleavage, C=C activation and hydrogenation, and atomic hydrogen supply all must also be
tuned appropriately to achieve high catalytic activity and selectivity at reasonable reaction
conditions. Apart from a wide selection of possible catalytic materials, transition metal
(TM) ceramics, e.g., carbides, nitrides, sulfides, phosphides, etc., have been shown to exhibit
various degrees of this balanced surface chemical reactivity10;21;57;107–114. In this study, we
focus on two suites of Ti and Ni ceramics (oxide, carbide, nitride, sulfide, and phosphide) in
the deoxygenation of the model compound guaiacol to develop connections between ceramic
constituent element selection and the resultant surface and catalytic chemistry. Ti and
Ni ceramics were chosen such that the e↵ect of the widest reasonable range of d-orbital
population could be studied while preserving connection to well-established studies of TM
ceramic catalysts. Guaiacol was chosen to represent the oxygenated aromatic compounds
produced from the lignin fraction of biomass in fast pyrolysis26;115. These compounds
comprise up to approx. 25-40% of the mass of woody biomass and are a promising source of
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renewable aromatic building block chemicals, yet they contain uniquely di cult to remove
phenolic oxygens.
In the deoxygenation of phenolic compounds by H2, thermodynamics naturally favors the
hydrogenation of the unsaturated C–C bonds (coined over-hydrogenation herein) and the loss
of aromaticity over the removal of the phenolic oxygen116;117. Thus, e↵ective deoxygenation
catalysts that preserve C=C bonds must circumvent the natural thermodynamics of the
reaction by presenting surface reaction energetics that favor the cleavage of the recalcitrant
C–O bond and limit the disruption of the molecular orbitals associated with C=C, C-C, or
C-H bonding (coined activation herein). Through many studies, it has been illustrated that
platinum group metals (PGMs) greatly favor catalyzing the unselective over-hydrogenation
of the aromatic ring before the selective removal of the phenolic oxygen116–119;119–127. Within
the temperature range of 200-400 C, several regimes of catalytic performance for PGMs have
been found. At lower temperatures, phenolic oxygens persist and over-hydrogenation reduces
aromaticity of products. For example, at 200 C, Pt, Pd, and Ru favored the production of
alcohols, diols, and aldehydes of cyclohexane or demethoxylation to produce phenol from
guaiacol118. At elevated temperatures and pressures of H2, oxygen removal can be achieved,
yet over-hydrogenation and pathways that lead to coke formation and light hydrocarbon
production (dehydrogenation and C-C cleavage) are concomitantly promoted. At 300 C,
oxygen removal is possible over Pt, Pd, Co, and Ni even though cycloalkane production
still dominates119;128. Temperatures upwards of 400 C (over Pt, Rh, PtRh, and PdRh)
exacerbates these e↵ects and further promotes other detrimental side reactions of C–C and
C–H cleavage to produce coke and light hydrocarbons120–124. Operation in this regime leads
to rapid deactivation of PGMs and complete over-hydrogenation of the aromatic ring125;126.
Activity can be partially preserved by increased chemical potentials of H2, yet unselective
reaction pathways are concomitantly promoted as well119. The best case scenario for PGMs
is Ru with its enhanced reactivity towards oxygen, which appears to favorably drive C–O
cleavage, oxygen removal, and benzene production (selec. 34%)127. From this collection
of studies, it is clear that surface chemistry that departs from that naturally presented by
PGMs must be employed to e↵ectively and selectively catalyze the deoxygenation of aromatic
compounds.
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In contrast, an appreciable body of literature concerning the catalytic deoxygenation over
TM ceramics indicates that these materials have the potential to exhibit the special and ap-
propriate level of oxophilicity, carbon a nity, and atomic H reactivity necessary to e ciently
drive oxygen removal without hydrogenating valuable unsaturated products107;108;129;130. For
example, propanal deoxygenation to propylene over NiMo and CoMo alloys and Mo2C and
WC ceramics showed a stark contrast in product distributions57;131. The metal alloys yielded
CO and ethylene as major products, yet the TM ceramics produced propylene with moderate
selectivity (Selec. 60%). This trend continues in the study of suites of transition metal
phosphides by Oyama and co-workers109. Selective production of benzene (Selec. > 50%)
was found with Co2P, MoP, and Ni2P catalysts. Phenol was reported as the other major
product, and little to no over-hydrogenated products were reported. These results show that
the ceramics appear to limit C=C activation and exhibit the appropriate surface oxophilicity
to drive C–O cleavage.
Further insight into how the surface chemistry of ceramics dictates their catalytic
performance in deoxygenation comes from a selection of surface science reports. Critical
trends in the tuning of surface reactivity towards unsaturated aromatic compounds have
been provided by the studies of Chen and co-workers in the dehydrogenation of cyclohexene
over single crystal Mo(110) and oxidized, carburized, and nitrided Mo(110) surfaces1. The
e↵ect and presence of high carbon a nity of the pure Mo(110) surface was illustrated by the
breakdown of cyclohexene to carbonaceous species, which was accompanied by the desorption
of only molecular H2 in TPD experiments. The incorporation of carbon into the Mo(110)
surface by purposeful carburization resulted in a lowering of overall surface carbon a nity.
This promoted dehydrogenation and the production of benzene and H2. By oxidizing or
nitriding the Mo(110) surface, a drastic reduction of carbon a nity could be achieved that
resulted in little to no reaction and cyclohexene desorption. These studies clearly show that
the surface chemistry of ceramics is a strong function of the choice of non-metal element and
that catalytically useful surface reactivity could be rationally tuned if systematic trends are
elucidated.
Likewise, the surface reactivity towards oxygen and its role in promoting C–O bond
cleavage in deoxygenation has been shown to be promoted over ceramics with appropriately
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high surface reactivity towards oxygen. Ultra-high vacuum (UHV) surface science studies
utilizing high-resolution electron energy loss spectroscopy (HREELS) have shown that
the activation of C–O and C=O tracked spectroscopically correlate well with e↵ective
deoxygenation. A study by Chen et al. over single crystal WC isolated the selective C–
O/C=O bond activation and cleavage as the major driving force for selective propylene
production from propanal and propanol57. Clear interactions between oxygen and the surface
correlated with the cleavage of the C–O bond. Further, the reduced carbon a nity provided
by the ceramic surface allowed for the production of the unsaturated olefin propylene. These
results suggest that tuning the oxophilicity of the ceramic surface into an appropriate range
may lead to e↵ective removal of recalcitrant oxygens.
Both catalyst performance and surface science investigations indicate that unique surface
chemistry is presented by ceramic surfaces, and that the balanced reactivity towards C, H,
and O necessary for e↵ective deoxygenation is within the realm of rational control if a broad
study is performed using a large suite of ceramics. If connections between constituent element
and ceramic surface chemistry can be developed, the catalytic performance of these materials
could be rationally tuned to improve the deoxygenation of biomass-derived oxygenated
molecules to produce olefin and aromatic molecules in a sustainable fashion. The questions
that still remain unanswered are: what degree of oxophilicity is necessary to promote
recalcitrant C–O bond cleavage; how innate carbon a nity and van der Waals dispersion
interactions dictate the activation of unsaturated C–C bonds and promote unselective over-
hydrogenation; how reactivity towards atomic H a↵ects hydrogenation energetics; and how
the metal and non-metal atom identities contribute to the active surface reaction sites and
general surface chemistry.
In this study, the surface and catalytic chemistry of titanium (TiO2, TiC, TiN, TiS2,
and TiP) and nickel (NiO, Ni3C, Ni3N, Ni2S3, and Ni2P) ceramics were studied in the
deoxygenation of the phenolic compound guaiacol. The selection of a relatively large suite of
TM ceramics was motivated by the need to understand the multifold role of d-orbital filling
in determining the surface and catalytic chemistry of ceramics and the proven catalytic
utility of many TM carbides, nitrides, sulfides, and phosphides in heteroatom removal
reactions1;21;58;109;132–136. Our studies indicate that an appreciably high reactivity towards
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oxygen must be presented by the catalyst surface to drive the cleavage of the recalcitrant
phenolic oxygen; that reactivity towards carbon and hydrogen must be appropriately low to
promote the selective hydrogenation of phenyl or benzyne fragments; that vdW dispersion
interactions are dramatically reduced when p-elements are incorporated into the solid; and
that the electronic structure of TM ceramics naturally limits the binding and activation of
the aromatic backbone or the product benzene limiting unselective over-hydrogenation. This
special set of surface chemical properties appears to be unique to TM ceramics and must be
further understood.
3.3 Simplified Microkinetic Modeling
A basic microkinetic model analysis was performed to estimate reaction rate constants such
that the most promising Ti and Ni ceramic catalysts could be isolated. Activation barriers
for the ten ceramics were estimated using the calculated thermodynamics and established
Brnsted Evans Polanyi (BEP) correlations for metals50. It should be understood that this
approach is an approximation and that the BEP correlations developed for surface reactions
over metals may not be as exact when applied to TM ceramics50. However, our studies
have indicated that, to a first order approximation, BEP correlations hold for the ceramics.
The pre-exponential factors for surface reactions and desorption steps were assumed to be
109 s 1 and 1013 s 1, respectively. These values are in line with established ranges137–141.
The reaction temperature of 350 C was used for the rate constant calculations. The e↵ect
of surface coverage on the pre-exponential factor was not explicitly included. However,
depending upon coverage and vibrational and translational partition function choice, changes
of 1-3 orders of magnitude are expected137;139;142;143. Despite these potential modifications,
the conclusions via this approach would not change since the rate constants for the rate
determining steps for the most promising catalysts (TiN, TiP, and Ni2P) are at least five
orders of magnitude larger than the next favorable material.
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3.4 Results and Discussion
3.4.1 Reaction Mechanism Determination
The ten ceramic solids exhibited a wide range of surface chemistry, and thus, various
reaction pathways for transforming guaiacol to benzene were encountered. In Figure 3.1,
the removal of the methoxyl group was found to proceed via two distinct reaction pathways.
The first was a direct pathway where the Ar–OCH3 bond is cleaved directly if the surface
has su cient reactivity towards oxygen and carbon. The second involves either one or two
hydrogen abstractions before the C–O bond of the Ar–OCH3 group is cleaved. The indirect
pathway was encountered over surfaces with low reactivity towards oxygen and carbon;
when strong connections to the methoxyl carbon were necessary to drive C–O cleavage; and
when surface reactivity towards atomic hydrogen was high. A similar reaction pathway was
encountered by Than et al. over platinum group and other transition metals144. Another
mechanistic turning point was encountered after the methoxyl group was removed. The
remaining hydroxybenzene fragment (C6H4OH) could either be hydrogenated to phenol
and then dehydroxylated, or was directly dehydroxylated to produce a bidentate benzyne
fragment with two carbon–surface bonds (C6H4). In the removal of the hydroxyl group,
C–O bond cleavage before or after dehydrogenation were possible, i.e., direct or indirect
dehydroxylation. The orientation of the aromatic ring upon adsorption and as the reaction
proceeds is also necessary to note. The ring can either be oriented horizontally, which
maximizes ring–surface interactions, or tilted or nearly vertical to minimize ring–surface
interactions.
Adsorption of guaiacol over the ten ceramics was investigated in three orientations: a
horizontal or prone geometry that maximized the interactions between the aryl ring and
the surface and two vertical/tilted geometries that favored interactions between the oxygen
of the –OH or –OCH3 groups (Figure 3.2). Adsorption over the Ti ceramics, in general,
was weak and favored a tilted or vertical molecular orientation that maximized methoxyl
oxygen interaction with the catalyst surface. TiP was the exception where prone and tilted
adsorption were energetically comparable at nearly thermally neutral. Over the Ni ceramics
besides NiO and Ni2P, preference between vertical/tilted and horizontal adsorption is less
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Figure 3.1: Dominant reaction mechanism pathways encountered in an exhaustive search.
Removal of the methoxyl and hydroxyl groups proceeds through either direct or indirect
reaction pathways. The latter requiring hydrogen abstraction before C–O bond cleavage
occurs
clear since neither are greatly favored beyond thermoneutral. Guaiacol adsorption over NiO
was exothermic in either the horizontal (–1.7 eV) or vertical (–0.8 eV) geometries. However,
horizontal adsorption was more favorable due to the increased number of interactions. A
similar case was encountered over Ni2P with the horizontal adsorption significantly favored
(–1.2 eV vs. –0.2 eV, horizontal vs. vertical). The adsorption geometry preference for
guaiacol over the ceramics is in stark contrast to the horizontal/prone geometry preferred
over pure metal surfaces145–149. This mechanistic di↵erence is due to the availability of
much stronger carbon–surface bonds and vdW interactions over metals and the dramatically
reduced interactions of the same over the ceramics, as presented later.
General analysis of the reaction mechanisms for benzene production over the Ti
ceramics with as-prepared surface terminations indicates that an appreciable range of surface
reactivity towards C, O, and H is accessible and is a function of both TM-to-p-block element
ratio in the solid and the identity of the non-metal (see Figure 3.3). All titanium ceramics
were found to preferentially perform demethoxylation via direct reaction routes, i.e., no
dehydrogenation required before C–O cleavages. Over TiO2 and TiS2, the C–O cleavages
were endothermic due to the low reactivity of these materials towards oxygen and potentially
carbon. Dehydroxylation proceeds directly over TiO2, TiC, TiP, and TiS2, and follows the
phenol intermediate route over TiN (step 4 ! 5 ! 7). Throughout the deoxygenation
steps, the aryl portion of the reactant remained vertically oriented or tilted away from the
catalysts surfaces limiting any potential C=C activation. A clear trend developed amongst
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Figure 3.2: Model figures for guaiacol adsorption orientation as a function of non-metal
elements.
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Figure 3.3: Thermodynamics of guaiacol deoxygenation over ten Ti ceramic surfaces. A
considerable range of surface reactivity was encountered over the Ti ceramics, with TiP
showing the most optimal energetics for high catalytic performance.
the Ti ceramics, with steadily increasing thermodynamic driving force for phenolic oxygen
C–O bond cleavage in the order of TiS2 < TiO2 < TiN < TiP < TiC. This trend follows
closely that of general surface a nity for oxygen (TiO2 < TiS2 < TiN < TiP < TiC), as
evidenced by O2 dissociative adsorption probes and correlation investigations (see Table 3.1).
With respect to the hydrogenation steps, vertically or tilted aromatic fragment geometries
persisted until benzene formation over all of the Ti ceramics. It was also evident that
a moderate correlation between the thermodynamic driving force for hydrogenation and
the stability of adsorbed atomic H and ethylene existed. The instability of the benzyne
fragment and adsorbed atomic H leads to highly exothermic reaction energetics over TiO2
and TiS2 (6 ! 7 ! 8). On the other hand, TiC exhibits aggressive surface reactivity
towards the benzyne fragment that results in moderately endothermic hydrogenation reaction
energetics for the final hydrogenation steps. Hydrogenation reactions over TiN are found to
be exothermic in general due to the unstable surface H (see Table 3.1). Both hydrogenation of
the phenyl and benzyne fragments are exothermic by –0.8 eV and –1.4 eV, respectively. TiP
exhibited energetically surmountable albeit endothermic hydrogenation. Out of the suite
of Ti ceramics, only TiP and TiN appear to exhibit overall reaction energetics conducive
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Table 3.1: Adsorption energies of atomic H and O referenced to molecular H2 and O2 were
calculated to gauge general surface reactivity. Adsorption energy of molecular ethylene was
calculated to understand surface reactivity towards carbon.
Catalyst O2 disso. (eV) H2 disso. (eV) C2H4 ads. (eV)
TiC –2.4 –0.1 –0.4
TiN –1.7 0.6 –0.4
TiO2 0.6 0.3 0.6
TiS2 –0.4 0.2 –0.9
TiP –2.2 –0.4 –1.5
Ni3C –3.3 –1.1 –1.4
Ni3N –1.1 –1.0 –0.7
NiO 2.2 –1.8 –3.1
Ni3S2 –2.1 –0.7 –1.2
Ni2P –1.8 –0.8 –1.3
to exhibiting catalytic activity at moderate reaction conditions. Both the removal of the
–OCH3 and –OH groups are su ciently exothermic to proceed at appreciable rates over
TiP. Likewise, the endothermic hydrogenation steps are energetically accessible at moderate
temperatures. These conclusions are supported by our rate constant estimation studies
to isolate promising materials (see Table 3.2), which will be discussed later in elementary
reaction step analysis.
In stark contrast to the Ti ceramics, the Ni ceramics in their as-prepared surface
composition exhibit higher surface reactivity in general (see Figure 3.4). Our calculations
suggest that some nickel materials su↵er from either low reactivity towards oxygen (NiO) or
aggressive reactivity towards carbon (NiO, Ni3C, and Ni3N). Horizontal orientation of the
aromatic portion of the guaiacol was favored only over NiO and Ni2P. However, this adsorbate
geometry was found to inhibit the removal of the oxygen moieties and was fully investigated
only for Ni2P. We find that the direct removal of the –OCH3 group is energetically favorable
over Ni2P (in the vert. geom.), Ni3S2, and Ni3C with increasing exothermicity, respectively.
The prone geometry of guaiacol over Ni2P inhibits demethoxylation by +1.5 eV disabling
this pathway. In contrast, indirect demethoxylation is found over NiO and Ni3N via two
distinct pathways (step 3 ! 4 ! 5 ! 6 for NiO and 3 ! 4 ! 6 for Ni3N). The inert nature
of NiO towards oxygen and its reactivity towards atomic H drive two dehydrogenation steps
before the first C–O bond cleavage is energetically favorable.
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Table 3.2: Microkinetic model for the elementary reaction step over ten Ti and Ni ceramics.
The reaction temperature was set at 350  C. The pre-exponential factors were assumed as
109 s 1 and 1013 s 1 for surface reaction and desorption reaction, respectively. Activation
barriers for the ten ceramics were estimated using the calculated thermodynamics and
established Brnsted-Evans-Polanyi (BEP) correlations for metals: Ea = 0.84 E+1.92. The
rate determining step was highlighted as light purple.
Catalyst Demethoxyl. (s 1) Dehydroxyl. (s 1) 1st hydro. (s 1) 2nd hydro. (s 1) Desorp. (s 1)
TiC 9.36 x 102 29.47 1.19 x 10 10 4.30 x 10 9 7.09 x 1016
TiN 4.46 x 10 4 1.03 x 10 4 N/A 7.52 x 103 4.07 x 1011
TiO2 5.62 x 10 9 2.67 x 10 6 1.41 x 102 68.53 2.43 x 1013
TiS2 2.37 x 10 13 8.48 x 10 15 1.47 x 102 7.97 x 10 3 2.63 x 1012
TiP 4.73 x 10 2 1.96 5.24 x 102 1.14 x 10 3 2.57 x 1012
Ni3C 1.00 x 1010 4.06 x 10 4 1.17 x 10 11 1.67 x 10 19 1.32 x 1013
Ni3N 7.92 x 10 2 1.16 x 10 3 N/A 6.22 x 10 22 2.00 x 1021
NiO 9.01x 10 16 6.15 x 10 7 N/A 5.70x 10 37 1.33 x 1010
Ni3S2 11.9 5.92 x 10 14 N/A 5.80 x 10 7 5.99 x 1011
Ni2P 81.4 3.05 x 10 1 9.02 x 105 9.02 x 105 6.33 x 1010
Figure 3.4: Thermodynamics of guaiacol deoxygenation over Ni ceramic surfaces. Ni
ceramics exhibited higher surface reactivity in general. Similar to TiP, Ni2P exhibited
energetics promising for catalytic performance. Two reaction pathways where the geometry
of the aryl ring in relation to the Ni2P surface were considered, e.g., horizontal ring or tilted
ring.
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Dehydroxylation proceeds directly over all Ni ceramics with Ni3C and Ni2P forming
the bidentate benzyne fragment (6 ! 8) and NiO, Ni3S2, and Ni3N requiring a phenol
intermediate (6 ! 7 ! 9). The direct removal of the –OH group over Ni3C is less exothermic
than over Ni2P. Ni2P exhibits the greatest driving force for –OH removal for a vertically
oriented adsorbate. In the prone orientation, dehydroxylation is similarly inhibited by +0.7
eV. In the case of the phenol intermediate, dehydroxylation thermodynamics range from
moderately exothermic to highly endothermic over Ni3N, NiO, and Ni3S2, respectively.
Hydrogenation steps to form the phenol intermediate or the final product, benzene, are
found to vary considerably with respect to their thermodynamics over the Ni ceramics.
The production of the phenol intermediate over Ni3S2, Ni3N, and NiO varies from highly
exothermic to highly endothermic, respectively. Energetics for the hydrogenation of the
bidentate benzyne or monodentate phenyl fragment varied greatly across the suite of Ni
ceramics. Hydrogenation over Ni2P (vert. geom.) and Ni3S2 was slightly endothermic
indicating accessible energetics. Moderately endothermic hydrogenation steps were found
over Ni3C and highly endothermic over NiO, Ni3C, and Ni3N. Horizontal orientation of the
aromatic fragment over Ni2P promoted the first and second hydrogenation steps by -0.6
eV and -1.0 eV, respectively. The only Ni ceramic that exhibited mild departures from
Goldilocks energetics was Ni2P. Therefore, Ni2P is a likely candidate to exhibit favorable
catalytic performance. Reaction rate constant estimation calculations (see Table 3.2) support
this prediction. These predictions are also in agreement with prior experimental studies that
have already shown Ni2P to be active and selective in the production of benzene from guaiacol
by several groups including ourselves109;150–153.
Investigations of the e↵ect of reaction conditions on the surface termination of the ten
ceramics indicated that a selection of the materials would su↵er from the loss of non-metal
surface lattice atoms. This e↵ect is most pronounced for the Ni ceramics. Under a H2
chemical potential (350 C and approx. 100% H2 at 1.0 atm), all surface non-metal atoms
on Ni3C, Ni3N, and NiO would be removed presenting a metal terminated surface. Removal
of carbon atoms from the surface of TiC was also found to be energetically favorable under
reaction conditions. Due to the Gibb’s free energy of composition change for TiO2, TiS2, and
TiP (+0.4 eV, +0.3 eV, and +0.1 eV, respectively), it is likely that non-metal removal would
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still occur, but would proceed at reduced rates. However, even if these defects formed, the
thermodynamic driving force for healing the non-metal vacancy of Ti ceramics with oxygen
are highly exothermic (–3.2 eV to –5.8 eV). This indicates that any defective Ti ceramic
surfaces would be oxidized readily even under the H2 environment. The remaining ceramics
exhibited a trend of stability of TiN > Ni2P > Ni3S2 > TiO2 > TiS2 > TiP.
Since Ni3C, Ni3N, NiO, and TiC were not promising catalysts before the reduction of their
surfaces, investigations of the surface chemistry of their metal-rich surfaces were limited to
guaiacol adsorption horizontally and vertically/tilted, H2 and O2 dissociation, and ethylene
adsorption. Guaiacol adsorption indicated that the metal terminated surfaces greatly favored
prone adsorption of guaiacol, which dramatically increased the interaction between the aryl
ring carbons and surface. The distortion of sp2 aryl rings to sp3-like also geometrically
moved the –OCH3 and –OH groups of guaiacol away from the catalyst surfaces limiting C–O
bond activation. These results indicate that the metal-rich surfaces would likely favor over-
hydrogenation similar to that of reduced metal surfaces. Moreover, the reduced reactivity
towards oxygen (via O2 dissociation probe calculations) in the case of Ni3C and Ni3N would
similarly limit the driving force for C–O cleavage. Over NiO, the high oxophilicity and carbon
a nity drive strong adsorption of guaiacol in either the vertical or horizontal geometry (–3.6
eV). A strength of interaction that would likely promote complete breakdown of the molecule
or dramatic over-hydrogenation. Given that these surfaces were not catalytically promising
in their ”as-prepared” state and that dramatically enhanced ring-surface interactions are
promoted by the metal termination, it is predicted that the surface termination changes
brought about by reaction conditions would not improve their chances of being active or
selective in the deoxygenation of guaiacol.
3.4.2 Correlation of Mechanistic Steps and Surface Reactivity
Markers
Focusing on the fundamental surface chemistry of the ceramics in their as-prepared states,
their ability to cleave the recalcitrant C–O bond of the phenolic oxygen appears to be
moderately correlated with the general oxophilicity of the materials (see Figure 3.5). The
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Figure 3.5: Scaling relationships of the reaction step energetics of demethoxylation
and dehydroxylation with general surface reactivity towards O and. a) Reaction step
energetics of demethoxylation vs. dissociative O2 adsorption; b) reaction step energetics
of dehydroxylation vs. dissociative O2 adsorption.
energetics of dissociative adsorption of O2 can be used to approximate oxophilicity of the
surfaces and develop general trends that are transferable to other materials. Calculations
of molecular oxygen dissociation on Ni3N, Ni2P, TiP, and TiC (–1.1 eV, –1.8 eV, –2.2 eV,
and –2.4 eV, respectively) illustrate that these materials have relatively high surface oxygen
a nity. The e↵ect of this reactivity readily translates to exothermic C–O bond cleavage
in the kinetically di cult dehydroxylation step (–0.4 eV, –1.2 eV, –0.9 eV, and –1.0 eV for
Ni3N, Ni2P, TiP, and TiC, respectively). The correlation between the chemical reactivity
marker of oxygen adsorption and dehydroxylation are presented in Figure 3.5. The departure
from unity of the correlation is likely a function of the reduction/oxidation reactions that
accompany the C–O bond cleavage and the ability of the catalyst surface to donate or accept
electrons. This is a distinct di↵erence evident when comparing C–O cleavage over metals
vs. ceramics and appears to be a function of the e↵ective electronegativity of the solid with
contributions from both the metal and non-metal atoms. Despite the rough correlation, these
studies indicate that C–O cleavage may be dominantly promoted by raw oxygen a nity of
the surfaces.
In fact, several studies utilizing Ni2P have already shown that relatively high selectivity
towards benzene (60%) can be achieved at 300 C at atmospheric pressure109. Another
example of this connection is the deoxygenation of furfural over Mo2C at 150 C107. Due
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to oxophilicity of Mo2C, a selectivity of 60% was achieved towards the selective product
2-methylfuran. This concept is further supported by UHV surface science studies by
Rodriguez et al. that show a similar trend with the greater oxophilicity of TiC driving
SO2 dissociation more e↵ectively than a Pt surface62. Experimental performance of TiO2,
TiC, TiN, NiO, and NiS from 200 to 500 C and TiP and Ni2P up to 700 C in the gas
phase deoxygenation of guaiacol indicate appreciable agreement between computationally
predicted and experimentally measured performance. Importantly, these materials do not
promote over-hydrogenation of the unsaturated ring products, which limits unselective use
of H2. Theoretical predictions agree with these results in that the binding and activation
of benzene is significantly less aggressive than over reduced metal surfaces. The yield and
production rate of B.T.X from TiP and Ni2P were distinctly higher than the rest of the
materials indicating both TiP and Ni2P have more appropriate surface reactivity towards
oxygen, carbon, and hydrogen that can promote the removal of phenolic oxygen. In the
temperature range of 200 to 500 C, the highest production rates of B.T.X (at 500 C) were
0.01, 0.01, 0.06, 0.13, 0.16, 0.48, and 0.74 µmole/min/m2Cat for TiN, NiO, NiS, TiO2, TiC,
TiP, and Ni2P, respectively. The highest yields of B.T.X were 0.8%, 2.0%, 4.9%, 5.5%, 6.2%,
24.8%, and 26.0% for NiS, NiO, TiO2, TiC, TiN, TiP, and Ni2P, respectively. Ni2P exhibited
the highest production rate and yield of B.T.X at 650 C (5.8 µmole/min/m2Cat for the rate
and 73.0% for the yield), whereas TiP exhibited the highest production rate and yield of
B.T.X at 700 C (4.9 µmole/min/m2Cat for the rate and 41.5% for the yield). Catalyst
composition change of TiP and Ni2P was analyzed by TEM after reaction of 10 hours up to
700 C with elemental mapping via EDS. Ni2P was found to be unusually stable, yet TiP was
found to oxidize even under the reducing environment due to the thermodynamic driving
force for Ti oxidation (the oxygen healing energy is –4 eV exothermic). More experimental
studies for the removal of phenolic C-O bond and the control of C=C bond activation over
the 1st row TM phosphides are underway. The catalyst loading was 100 to 500 mg depending
upon their surface area. Overall gas flow rate of 100 SCCM with 10% H2was used. Guaiacol
was introduced using a fine-flow rate syringe pump. E✏uent of the reactor was analyzed via
online sampling with a GC fitted with FID and TCD detectors.
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In contrast, NiO, TiO2, and TiS2 exhibit low surface oxygen a nity, which correlates well
with high thermodynamic barriers for phenolic oxygen removal (see Figure 3.5). Dissociative
O2 adsorption is +2.2 eV, +0.6 eV, and –0.4 eV over NiO, TiO2, and TiS2, respectively. The
lack of reactivity towards oxygen produces phenolic oxygen C–O bond cleavage energetics
of +0.1 eV, 0.0 eV, and +2.1 eV for NiO, TiO2, and TiS2, respectively. Similar trends
are encountered in the removal of phenolic oxygen over noble metals, but potentially for
di↵erent reasons. The reactivity of Pt towards oxygen (–0.75 eV) is moderate, but may not
be aggressive enough to promote recalcitrant C–O cleavage. Ru, on the other hand, exhibits
high reactivity towards oxygen (–2.3 eV), yet still lacks the ability to remove the phenolic
oxygens118;119;154–157. Indeed, the calculated thermodynamics of phenolic oxygen removal over
Pt was reported to be +0.2 eV endothermic and thermoneutral over Ru. However, relatively
high kinetic barriers were encountered likely due to adsorbate geometry e↵ects145;146. One
critical aspect of these metal systems is that they promote a horizontal molecular adsorption,
strong carbon–surface bonds through the aromatic ring, and a deflection of the –OCH3 and
–OH groups away from the surface. This e↵ect may be responsible for further limiting oxygen
removal over these metals. This will be discussed in detail later.
In contrast to the removal of recalcitrant phenolic oxygen, the removal of the methoxyl
group is less problematic and has been shown to occur experimentally at relatively low
temperatures over a wide range of materials, namely Pt, Pd, Ru, PtSn, Mo2N, Mo2C, select
TM phosphides, and even Al2O3 109;120;158–160. Because of previous experimental reports,
exothermic energetics for demethoxylation mechanisms were expected over most Ti and Ni
ceramics. As expected, calculated demethoxylation energies were –1.4 eV, –1.3 eV, –1.0
eV, 0.4 eV, and 1.0 eV for TiN, TiC, TiP, TiO2, and TiS2, respectively. In the case of Ni
ceramics, the reaction step energetics of demethoxylation were –2.6 eV, –1.1 eV, –1.0 eV,
–0.7 eV, and 1.4 eV on Ni3C, Ni2P, Ni3S2, Ni3N, and NiO, respectively. The endothermic
energetics over TiS2, TiO2, and NiO are expected due to their general low surface reactivity
and oxophilicity. A far stronger correlation was found for the thermodynamic driving force for
demethoxylation and the general surface reactivity towards oxygen (see Figure 3.5). Select
materials that show balanced reactivity in both demethoxylation and dehydroxylation are
likely to produce phenol and benzene along with anisole as a minor product.
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Hydrogenation activity is equally critical to understand and control in this reaction due to
its contribution in the selective hydrogenation of aromatic intermediates and the unselective
reactions of over-hydrogenation and coke formation. Over the Ni ceramics, H2 dissociation
energies were –3.6 eV, –2.2 eV, –2.0 eV, –1.6 eV, and –1.4 eV over NiO, Ni3C, Ni3N, Ni2P,
and Ni3S2 respectively. These results indicate that all nickel materials are likely to dissociate
H2 at moderate temperatures as predicted from BEP correlation. Over Ti ceramics, H2
dissociation was consistently less energetically favorable than the Ni materials (–0.8 eV, –0.2
eV, +0.4 eV, +0.6 eV, and +1.2 eV for TiP, TiC, TiS2, TiO2, and TiN, respectively), which
suggested the concentration of surface-bound atomic hydrogen would be significantly less
than that of the Ni materials. However, if surface bound atomic H was produced, it would
be quite reactive due to a lack of stability. The e↵ect of atomic hydrogen surface coverage
on the dissociation of H2 and the hydrogenation reaction step energetics was found to be
minimal, as the ceramics did not exhibit the classically encountered destabilization of atomic
hydrogen as coverage increased. This could be an e↵ect of the less proximal binding sites for
atomic hydrogen on the ceramic surface and the lack of long range electronic communication
between adsorbates due to the non-metallic electronic structure of the catalysts.
Indeed, the thermodynamics of hydrogenation of phenyl and benzyne fragments over
the ten ceramics correlates well with their general reactivity towards carbon fragments and
atomic hydrogen (see Figure 3.6). Focusing on the Ti solids that exhibit lower reactivity,
TiO2, TiS2, and TiN, we find that unstable atomic hydrogen and phenyl/benzyne fragments
produce large exothermic driving forces for hydrogenation. TiP exhibits moderate reactivity
towards H, C, and O and thus moderately endothermic reaction energetics for hydrogenation
steps. Lastly, the aggressive reactivity of TiC towards H and C leads to fairly endothermic
hydrogenations.
All of the Ni ceramics exhibit appreciable reactivity towards atomic H. Therefore, the
reactivity of the surface towards the intermediates being hydrogenated plays a dominant role
in the hydrogenation step energetics. NiO and Ni3S2 both exhibit exothermic hydrogenation
of the 2-hydroxybenzene fragment, but di↵er in the hydrogenation of the phenyl fragment.
The endothermic hydrogenation of phenyl over NiO may be sourced to the moderately
strong carbon–surface bond at a NiO lattice oxygen. The reduced reactivity of Ni3S2
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Figure 3.6: Scaling relationships of the reaction step energetics of second hydrogenation
with general surface reactivity towards C, and H. a) reaction step energetics of hydrogenation
towards benzene vs. dissociative H2 adsorption; b) reaction step energetics of hydrogenation
towards benzene vs. the average energy of dissociative H2 adsorption and C2H4 adsorption.
towards both carbon and hydrogen leads to almost thermoneutral hydrogenation of the
phenyl fragment. In the case of Ni3C and Ni3N, strong bonds between both atomic H
and molecular fragments leads to markedly endothermic hydrogenation energetics. The final
hydrogenation of the phenyl fragment shows clearly the a nity of these surfaces towards both
carbon and hydrogen. Ni2P, with its moderate reactivity, exhibits hydrogenation energetics
that are slightly endothermic to thermoneutral. Most notable is the near thermoneutral
hydrogenation of the phenyl fragment to produce benzene.
The energetics for hydrogenation in combination with the surface reactivity towards
C and O that drives C–O cleavage steps indicate that several of the Ni and Ti ceramics
would not be appropriate as catalysts in deoxygenation reactions. On the other hand, the
materials TiN, TiP, Ni2P, and Ni3S2 exhibit reasonable hydrogenation thermodynamics. This
is confirmed by rate constant estimation calculations using BEP correlations to estimate
activation barriers from calculated thermodynamics.
3.4.3 Surface Reaction Sites and Catalyst Electronic Structure
Reaction site analysis of the Ti and Ni ceramics showed interesting trends with respect to the
relative participation of the metal and non-metal surface sites in the reaction mechanisms.
Indeed, over TiO2, TiS2, TiP, NiO, Ni3C, and Ni3N, the non-metal element reaction sites
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completely dominated the dehydroxylation and demethoxylation reaction steps. Both aryl
and oxygen terminated molecular fragments exhibited clear energetic preference for binding
to the non-metal surface sites. Over TiC and Ni3S2, both non-metal and metal surface atoms
contributed to the active, multi-fold hollow reaction sites. Specifically, it was energetically
favorable for a carbon in the aromatic ring fragment to bind to the surface through lattice
carbon and sulfur sites of TiC and Ni3S2, respectively. Alternatively, oxygen terminated
fragments of –OH and –OCH3 systematically preferred to bind to metal reaction sites.
For example, the active reaction site over Ni2P and TiN for the dehydroxylation step was
comprised of a single metal lattice atom (TiN) or a collection of three metal atoms (Ni2P).
The reaction site preferences encountered in our calculations compared favorably with the
limited surface science available for Ti and Ni ceramics. Results of Kim et al. for the
dissociation of methyl formate over TiC(100) using HREELS showed that oxygen terminated
methoxyl groups bound preferentially to Ti sites and carbon terminated methyl groups to
carbon sites61. These results suggest that the non-metal surface atoms of ceramics do play a
direct role in surface reactions and may present special chemistry not accessible when using
TMs.
Investigating the electronic structure of the ten ceramics to ascertain a deeper understand-
ing of what dictates their surface chemical reactivity indicated that marked changes in the
nature of bonding within the solids occurred when the metal was changed from Ni to Ti (see
Figure 3.7). We found that the Ni ceramics exhibited mostly selective hybridization between
the non-metal p-states and the Ni d-states that produced a pair of highly localized new states
reminiscent of molecular-like bonding and antibonding states. The remaining nonbonding
Ni d-states were mostly unperturbed and available for interaction with adsorbates. In the Ti
ceramics, we found a much more significant degree of overall hybridization between the
Ti d-states and the p-states of the non-metal. These results help to explain why the
Ni ceramics exhibit generally higher surface chemical reactivity in comparison to the Ti
ceramics. E↵ectively, the selective hybridization of the p- and d-states in the Ni ceramics
leads to overall weaker bulk bonding caused by fewer Ni–non-metal bonds and available
d-states near the Fermi level. These features lead to fairly reactive surface Ni atoms and
non-metal atoms due to limited strong bulk bonding.
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Figure 3.7: The electronic structure of Ti and Ni ceramics exhibit fundamentally di↵erent
types of bulk bonding. Highly hybridized and selectively hybridized p-d orbital interactions
were encountered over the ceramics of titanium and nickel, respectively. The availability of
non-bonding d-states within the selectively hybridized Ni ceramics leads to Ni-like surface
reactivity and metallic-like features. The highly hybridized p-d states of Ti ceramics leads
to strong covalent bonds within the solids resulting in lower surface reactivity and more
reactive p-element surface sites.
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On the other hand, the bonding within the Ti ceramics was found to be highly hybridized
leading to a greater degree of bulk bonding and generally lower residual surface chemical
reactivity for both the Ti and non-metal surface sites. This strong hybridization also
promotes the reactivity of the p-block element due to its p-states being distributed across
an appreciable range of the electronic energy spectrum. These electronic e↵ects are complex
and not well understood at this time, but will be clarified in future studies. Another
electronic structure marker that appears to correlate well with surface reactivity is the
metal-to-non-metal element ratios in the ceramics. This may be hand-in-hand with the
innate bonding within the solid, but additionally results in metal-rich materials like the Ni
ceramics presenting surfaces that are compositionally rich in metal atoms. This trend in
bulk composition and electronic bonding tracks well with the electron count on the TM with
filled d-states leading to metal rich materials and electron poor d-states resulting in more
non-metal rich solids.
Non-metal defect generation energies on the Ti and Ni ceramics were investigated to
shed light upon the general stability of the ceramics under a reducing environment and
the likelihood of surface defects participating in the reaction. The surface defect energies
were calculated using H2O, CH4, NH3, H2S, and H3P as the products of the vacancy
generation reaction with H2 as the hydrogen source. In general, we find that all Ti
ceramics besides TiP are more stable than the Ni ceramics under H2. The stability trend
switches for the phosphides, with Ni2P being more stable than TiP. The Ni materials other
than Ni2P all exhibit exothermic vacancy generation energies indicating they may readily
degrade to metallic Ni or some form of carbide under reaction conditions. The Ti ceramics
show improved stability with endothermic vacancy formation energies. Focusing just on
the promising catalysts of TiP and Ni2P, we see that producing phosphorous vacancies is
endothermic by +0.9 and +2.3 eV, respectively. These values indicate that TiP may su↵er
from composition changes, but Ni2P would likely be stable under reaction conditions.
Surface oxidation driven by oxygen originating from guaiacol was investigated next due to
thermodynamic driving forces for TM oxidation. The energetics of healing the phosphorous
vacancy by atomic O were used to determine whether oxidation of the surface under reaction
conditions would be problematic despite reducing conditions. Over Ni2P, oxidation of the
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phosphorous vacancy was exothermic by –2.0 eV. With the thermodynamic driving force
for H2O production being more exothermic, we expect NiO to not persist even if formed.
However, because of the magnitude of the vacancy formation, this e↵ect is expected to be
minor. On the other hand, healing the TiP phosphorous vacancy is highly exothermic (–
4.7 eV utilizing oxygen from O2). This combined with a surmountable vacancy formation
energy indicates that oxidation of TiP to TiO2 may be problematic even under the H2
reaction conditions. Experimentally, we have confirmed the stability of Ni2P and the
oxidation of TiP under reaction conditions up to 700 C (to be published elsewhere, see
summary of results in Supplemental Information document). Similar compositional changes
under deoxygenation reaction conditions were also noted in studies by Chen et al. in the
deoxygenation of propanol over WC57. With respect to the vacancies playing a role in the
reaction mechanism, we considered the TiP vacancies as catalytically dead due to the healing
by atomic O via preferential C–O cleavage at the vacancy site. Over Ni2P, we calculated the
deoxygenation of guaiacol and found similar energetics as over the stoichiometric surface,
yet higher thermodynamic barriers for hydrogenation due to the strong carbon-nickel bonds
formed by intermediates at the P-vacancy.
3.4.4 Kinetic Barrier Analysis of TiP and Ni2P
Due to the large number of materials considered in this study, direct calculations of kinetic
barriers were limited to the mechanisms over the two most promising materials with guaiacol
in the horizontal/tilted adsorption geometry, namely TiP and Ni2P (see Figure 3.8). The
demethoxylation steps over both TiP and Ni2P were found to be moderately activated with
barriers of 1.4 eV and 1.0 eV, respectively. The dehydroxylation step that appears kinetically
hindered in many experimental studies, was found to require only moderate energy input,
1.2 eV and 1.3 eV over TiP and Ni2P, respectively. These barriers indicate that these
materials have the potential to promote the removal of both oxygen containing groups with
relative ease under moderate reaction conditions. Further, the barriers indicate that phenol
should be a major secondary product and that hydrogenation may be di cult over TiP. The
presence of strongly bound aryl rings on TiP may lead to coke formation or the need for
higher temperatures to clean the surface.
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Figure 3.8: Kinetic barrier analysis of the deoxygenation of guaiacol over TiP and Ni2P.
Barriers indicate that both materials would be able to catalyze the reaction under moderate
reaction conditions. The relatively high barriers for demethoxylation and hydrogenation
over TiP suggest anisole and benzyl fragment poisons may be produced. The barrier for
dehydroxylation over Ni2P suggests phenol will be a major secondary product. See Figure
3.9 for transition states.
Comparing calculated barriers with those reported for Pt and Ru (3.0 eV and 2.0 eV,
respectively), the e↵ect of the unique surface chemistry of the ceramics becomes clear145;146.
Indeed, the departure from Pt-like surface reactivity is beneficial in this case because
enhanced surface reactivity towards oxygen is required to achieve reasonable energetics for
–OCH3 and –OH removal. Relative kinetics for Ni2P, Pt, and Ru also agree with the product
distributions published in several studies109;119;159;161.
Kinetics of the hydrogenation steps over TiP and Ni2P show an interesting trend
with more facile hydrogen transfer occurring over the Ni2P material (0.5 eV for both
hydrogenations) and moderately activated hydrogen transfer over TiP (0.9 eV and 1.6 eV for
1st and 2nd hydrogenation). These results are in stark contrast to the general reactivity of
the Ni2P and TiP surfaces towards atomic hydrogen likely due to the stability of the organic
fragment on each surface. This may be rationalized by considering the Ni-like electronic
structure of Ni2P and the available Ni d-states that are not participating in the bonding
within the solid. The more covalent bonding within TiP likely leads to highly localized bonds
to atomic H and organic fragments, potentially inhibiting their surface reaction due to their
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Figure 3.9: Model figures for the transition states in the reaction of guaiacol deoxygenation
over TiP and Ni2P.
stability. Even though Ni2P exhibits moderate reactivity towards atomic H, the metallic
electronic structure and its less rigid and delocalized nature may lead to more flexible bonds
between adsorbed atomic H and the surface Ni atoms. Conversely, the inherently more
directional and localized bonding within TiP likely translates to the nature of the bonds
it is able to make to adsorbates leading to larger H-transfer barriers despite the favorable
thermodynamic driving force for the reaction step. Overall, both TiP and Ni2P are predicted
to be catalytically active and selective towards benzene formation if over-hydrogenation can
be limited. Barriers also suggest phenol as a major secondary product, which is in agreement
with many experimental studies referred to previously.
3.4.5 Control of C=C Activation: Metal vs. Ceramic Surface
To gain insight into how the unselective over-hydrogenation of the aryl ring is potentially
limited over TM ceramics, we investigated the adsorption and activation of molecular benzene
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over TiP and Ni2P. Adsorption, molecular distortion, the local geometry of the carbons
within the ring of the benzene molecule, and the electronic structure of adsorbed benzene
were all used to ascertain a rough measure of the activation of the benzene molecule. The
e↵ect of vdW dispersion on adsorption and activation was also investigated. Since the
electronic structure of the ceramics is markedly di↵erent from reduced metals, dispersion
interactions may be dramatically a↵ected. The same analyses were applied to benzene
adsorption and activation over Au(111), Ni(111), and Pt(111) to establish benchmarks for
distortion and activation of the adsorbate. Au, Ni, and Pt were chosen to explore a range of
surface chemical reactivity in systems where appreciable vdW dispersion e↵ects are present.
Figure 3.10 presents model figures in addition to adsorption and distortion energies with
and without vdW dispersion interactions included. Distortion energies are determined by
calculating the change in energy of the molecule in its adsorbed geometry without the slab
present vs. its gas phase optimized geometry. The electronic structure of adsorbed benzene
was also investigated to ascertain the nature of benzene activation (see Figure 3.11).
Benzene adsorption over Au(111) is driven predominantly by vdW interactions. The
adsorbate does not chemically bond to the surface thus leading to a thermoneutral adsorption
energy without dispersion interactions included (–0.1 eV). With dispersion included, the
adsorption energy increases to –0.8 eV. In either case, no benzene distortion was measured
indicating that the bonding network within the adsorbate was not modified greatly by the
interaction. These results have been presented by others and agree well with experimentally
established values162–164. Over Ni and Pt, the greatly increased chemical reactivity and
dispersion interactions resulted in significant benzene adsorption and distortion due to
covalent bonding with the surface. The chemical contribution to the adsorption over Ni
and Pt was found to be –0.9 eV and –1.1 eV, respectively. With vdW included, these
adsorption values increased to –2.2 eV and –2.4 eV, respectively. These results also agree with
published work where similar vdWs functionals were used to investigate strong dispersion
interactions at noble metal and TM surfaces4;165–167. In either case, the benzene molecule
was significantly distorted, more so over Pt than Ni (+1.6 eV and +1.0 eV, respectively),
indicating a disruption of the original molecular orbitals of benzene.
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Figure 3.10: Adsorption and distortion of molecular benzene over TiP and Ni2P and
benchmark surfaces. Benzene favors to adsorb on the bri30 surface site of Ni and Pt and the
hcp0 surface site of Ni2P. General information about the bond length and angle of C–H (in
red circle) is shown in Table 3.6. Significantly reduced distortion and adsorption energies over
the phosphides indicate that unselective over-hydrogenation may be limited in comparison
to reducedw metal surfaces.
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Figure 3.11: Density of states of the adsorbed benzene over Au, Ni, Pt, TiP, and Ni2P
show di↵erent degrees of disruption of the electronic structure of benzene molecule.
Electronic structure analysis of the adsorbed benzene over Au, Ni, and Pt (using the
gas phase symmetry labels for the molecular orbitals of benzene) showed that distinct
destabilization regimes occur when benzene is weakly bound with no geometric distortion
and when bound strongly with sp2-to-sp3 geometry changes (see Figure 3.10 and 3.11).
Adsorption over Au, even though weak energetically, resulted in a redistribution and
hybridization of the pi bonding network (1e1g) and the non-bonding p-orbitals (1a2u) within
the adsorbate with the electronic states of the Au surface. Even though this disruption
was present, limited activation of the adsorbate is predicted due to the C–C and C–H
sigma bonding orbital sets persisting mostly unperturbed. On the other hand, significant
redistribution of the valence orbitals of benzene was found when adsorbed on Ni and Pt
surfaces. In these cases, the pi bonding (1e1g), p-non-bonding (1a2u), and C–C/C–H sigma
bonding (2e2g) orbitals were all completely destroyed and rehybridized with the metal states.
The new carbon-surface states span a large range of energy (⇠10+ eV) and exhibit nearly
molecule-like localized bonding and anti-bonding states. The disruption of the sigma bonding
within the benzene molecule was indicative of strong activation towards the introduction of
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additional sigma character via hydrogenation. It is also likely that cleavage of the C–C and
C–H bonds would be promoted as well due to the destabilized sigma bonding network in
the adsorbate. These electronic features confirm that strong adsorption and distortion of
the molecular geometry of benzene corresponds to an activation of the molecule for further
reaction. The thermodynamics for unselective hydrogenation of the sigma bonded phenyl
intermediate at an adjacent carbon or benzene for Ni (+0.2 eV and +0.7 eV, respectively)
and Pt (+0.1 eV and +0.3 eV, respectively) agree with the predictions from our analysis of
distortion and electronic structure (see Table 3.3).
Considering these calculations in the light of the guaiacol deoxygenation reaction,
it is clear that the reactive metals activate benzene to a degree that likely results in
hydrogenation and the production of saturated ring products with and without oxygen
removed. The electronic structure changes and geometry switch from sp2 to sp3 of the ring
carbons caused by strong horizontal adsorption over the metals may in fact be additionally
detrimental towards oxygen removal in that it geometrically inhibits interactions between
–OH and –OCH3 groups and the surface. These predictions are in agreement with published
experimental and computational studies that show hydrogenated ring products with oxygens
persisting and –OH and –OCH3 groups tilted away from the metal surface upon horizontal
guaiacol adsorption and high barriers for C–O cleavage119;145;161;161. Further, the degree of
distortion of the benzene may lead to molecular orbital disruption significant enough to result
in C–H or C–C bond cleavage and coke formation or light saturated hydrocarbon production.
The situation changes considerably when investigating the cases of benzene adsorption
over TiP and Ni2P. Di↵erent bonding and activation are encountered as well as markedly
di↵erent degrees of vdW dispersion interactions. TiP e↵ectively behaves similarly to Au(111)
Table 3.3: Thermodynamic driving forces for the reaction step of unselective hydrogenation
of phenyl fragment and molecular benzene show that the unselective over-hydrogenation of
phenyl fragment over metals is more energetically favorable than over TiP and Ni2P.






with little to no chemical contribution to adsorption and moderate dispersion interactions
(–0.7 eV). The adsorption of benzene over Ni2P follows an altogether di↵erent trend. The
chemical contribution to the horizontal adsorption geometry (–1.6 eV) is actually greater
than that of Ni(111), yet the capability of the surface to participate in vdW interactions
has been all but completely lost. Only –0.1 eV additional interaction is produced when
dispersion is included. Despite the greater chemical interaction (without vdW) in the
horizontal adsorption geometry, benzene is significantly less distorted (Edist = +0.6 eV)
than when adsorbed on Ni(111) (Edist = +1.0 eV). In the tilted adsorption geometry, the
adsorption energy is significantly reduced with and without dispersion interactions (–0.7 eV
and –0.4 eV, respectively). Likewise, the distortion of benzene has also been reduced to
nearly zero (Edist = +0.1 eV). This is due to the fact that the ring carbons are no longer in
proximity to the surface and no covalent bonding occurs.
From an electronic standpoint, the disruption and hybridization of the molecular orbitals
in benzene as it is adsorbed over TiP and Ni2P are fairly similar to that encountered over
Au and Ni or Pt, respectively (see Figure 3.11). Over TiP, the rehybridization of the
pi bonding and non-bonding states near the Fermi level is evident. However, the sigma
bonding molecular orbitals are preserved, as in the case of Au. A similar conclusion is
drawn that limited distortion of the molecule and persistent sigma bonding would likely
limit the activation of the molecule towards hydrogenation and unselective C–C and C–H
cleavage pathways. Calculation of the unselective hydrogenation of the phenyl fragment or
adsorbed benzene over TiP support these predictions (see Table 3.5). In the case of Ni2P,
stronger interactions between the prone adsorbate lead again to the reorganization of the
pi and p-non-bonding states, yet the sigma bonding molecular orbital 2e2g remains mostly
intact. Despite the moderate adsorption and distortion of benzene over Ni2P, the electronic
structure changes indicate the molecule is likely not as activated as in the cases of Ni and Pt.
Comparing the di↵erent degrees of molecular distortion over Ni2P, Ni, and Pt (Edist = +0.6
eV, +1.0 eV, and +1.6 eV, respectively), distinct regions of activation appear evident. These
predictions are again corroborated by endothermic energetics calculated for the unselective
hydrogenation of the phenyl fragment or benzene over Ni2P (see Table 3.5). Further support
for these ideas is provided through published product distributions of Ni2P, Ni, and Pt
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catalyzed guaiacol deoxygenation108;109;153. Likewise, the propensity of the surfaces to drive
C–C and C–H cleavage reactions that lead to coke and light hydrocarbon formation follow
the same trend120–124.
These calculations indicate that the nature of the bonding within the TM ceramics
favorably reduces the activation of the benzene molecule even in the case of the maximal
carbon–surface interactions of the horizontal adsorption geometry in the case of Ni2P. Even
when chemical interactions are more pronounced in comparison with the parent metal,
as in the case of Ni2P and Ni, the molecular orbital changes in the adsorbate appear to
correspond to limited over-hydrogenation activity. In the tilted adsorption geometry, ring-
surface interactions are even further reduced promoting the preservation of aromaticity and
the desorption of the favorable product. It should be noted again that the tilted geometry
is encountered over all ceramic surfaces considered herein when strong and directional
carbon–surface bonds are formed in the bidentate benzyne or monodentate phenyl fragment
intermediates. The combination of electronic and geometric e↵ects seen here appear to be
the source of the improved selectivity of TM ceramics in the production of aromatic products
from guaiacol. The e↵ect of the dramatic reduction of vdW interactions over the ceramics
is less clear, but likely contributes favorably to limit the activation of the favorable product
and reduce the number of strongly bound product molecules that block reaction sites and
potentially lead to coke formation.
3.5 Conclusion
In conclusion, this study focused upon developing connections between the composition of
TM ceramics and their surface and catalytic chemistry in the deoxygenation of recalcitrant
phenolic oxygens in woody biomass pyrolysis oil. Special focus was drawn to understand the
degree of surface oxophilicity necessary to drive recalcitrant C–O bond cleavage; the carbon
a nity and vdW e↵ects in activating the aromatic ring for unselective over-hydrogenation,
and the e↵ect of bulk electronic structure changes as a function of element selection
in dictating surface reaction site nature. Despite the complicated nature of the solids,
moderately clear trends have emerged. The degree of reactivity towards oxygen and carbon
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of the surfaces correlated well with their ability to drive the cleavage of the recalcitrant
C–O bond. The nature of the active surface reaction sites, e.g., TM vs. p-block element,
was dictated by the degree of hybridization between the d- and p-states within the ceramic.
The Ni materials exhibited Ni-rich stoichiometries and selective hybridization leading to
Ni-like and generally aggressive surface reactivity. The Ti materials exhibited 1:1 or non-
metal-rich stoichiometries, which lead to highly hybridized electronic structures, generally
lower surface reactivity, and a greater degree of p-block element participating in the surface
reaction mechanism. Investigating the aspect of the ceramics responsible for dramatically
diminished activity in the unselective over-hydrogenation of the aromatic product, we found
that benzene was significantly less activated and less strongly bound over all ceramics in
comparison to Au, Ni, and Pt (111) surfaces – both chemically and in vdW dispersion
interactions. These results suggest that the more localized molecular-like bonding within
the ceramics dramatically inhibits vdW dispersion interactions and limits the interactions
possible between molecular orbitals of C=C bonds and the surface. The latter being a
function of the fixed electronic structure of the ceramics and the more directional orbitals
presented to the adsorbate or surface bound fragment. Lastly, it was found that the non-
metal surface elements played a critical role in many of the reaction mechanisms over most
of the ceramics. This study hopefully showed that a systematic understanding of the surface
chemistry of TM ceramics is well within reach with newly developed computational methods,
and that special and new types of surface reactivity and reaction sites may be provided by
these materials that is wholly di↵erent from that of reduced metals. These new types of




The Surface and Catalytic Chemistry
of the First Row Transition Metal
Phosphides in Deoxygenation
4.1 Overview
The proven utility of transition metal (TM) carbides, sulfides, and phosphides in catalytic
deoxygenation reactions and their ability to preserve unsaturation or aromaticity in products
has suggested the materials exhibit unique surface chemistry towards C, O, and H that is
inaccessible when using reduced metal or TM+TM alloy catalysts. This chapter presents
a computational surface chemistry study of the deoxygenation of phenol over most 1st
row TM phosphides. Reaction mechanism analysis showed that dramatically enhanced
surface reactivity towards oxygen was responsible for driving C–O cleavage. Reduced surface
chemical reactivity towards carbon and limited hydrogenation activity were both beneficial
in limiting C=C activation in the aromatic ring and unselective overhydrogenation. The
more covalent bonding within the phosphides inhibited a correlation between kinetics and
thermodynamics of the C–O cleavage step due to the energetics associated with electron
density transfer to or from the catalyst surface. Hydrogenation, a mostly covalent reaction
step, tracked well with surface reactivity markers and d-band center of the phosphides.
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The less metallic electronic structure also contributed to electronically di↵erent hydrogen
bonding to the surface and limited kinetics for hydrogenation that may favorably reduce
unselective C=C hydrogenation. Surface reaction site nature also tracked with bonding
within the phosphides and their metal-to-nonmetal ratio suggesting strong electronic e↵ects
in the manipulation of the metal reaction sites and the role of nonmetal sites in the reaction
mechanism.
4.2 Introduction
A need for new materials that exhibit surface chemistry beyond that which is provided
by reduced monometallic transition metals (TMs) and platinum group metals (PGMs) is
steadily growing in the heterogeneous catalysis community due to changes in basic chemical
feedstocks in recent years168;169. Catalytic transformations aimed at the removal of oxygen
and/or the ”building-up” of small molecules (carbon-carbon coupling) from biomass and
natural gas feedstocks to common building-block chemicals already used in established
industry are becoming more mainstream, and will continue to increase in importance in the
future as renewable and sustainable chemistry gains more traction in the industry168;170–175.
As the chemical industry has operated upon reduced chemical feedstocks for around a
century, deoxygenation and the coupling of molecules of C1 4 size are inherently less
developed scientifically and technologically. Utilizing reduced TM nanoparticles, TM+TM
alloys, or PGMs and their alloys with TMs in deoxygenation has illustrated a lack of
appropriate surface chemistry towards C, O, and H to selectively drive C–O cleavage
and selective hydrogenation to unsaturated products while simultaneously limiting C–C
cleavage and overhydrogenation to saturated hydrocarbons (HCs), coke formation, and
catalyst deactivation81;82;119;123–127;161;176. On the other hand, many recent studies have
demonstrated the activity of TM ceramics in catalytic transformations involving oxygen
removal57;107–109;152;177–180, yet a systematic understanding of how their surface and catalytic
chemistry changes as a function of constituent element choice is still currently lacking.
Herein, we focus upon building a portion of this understanding by focusing on the
deoxygenation of biomass derived molecules over selected 1st row TM phosphides.
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The production of unsaturated and aromatic hydrocarbons through the deoxygenation
of molecules of equal size illustrates the need for unconventional degrees of surface chemistry
towards C–O, C=C, C–C, and C–H bonds. Specifically, an ideal deoxygenation catalyst
would allow for the removal of oxygen while simultaneously achieving semi-hydrogenation,
limited C–C and C–H cleavage, and stability in the presence of oxygen from reactants and
H2O products. In the oxygen removal steps, due to the variability in C–O bond stability
in biomass derived molecules, quite aggressive surface reactivity towards C and O may be
needed to drive C–O cleavage steps, as in recalcitrant phenolic oxygen removal from lignin
pyrolysis oil52;56;109;180;181. For the surface chemistry towards carbon, it must be su cient
to aid in driving C–O cleavage but low enough to limit the activation of C=C bonds in
linear side chains or within the aromatic rings of products to limit overhydrogenation and
C–C cleavage52;107;182. Tuning surface chemistry towards hydrogen is also crucial. Selective
catalysts must exhibit activity towards semihydrogenation yet also limit overhydrogenation
and unselective C–H bond cleavage in reactants and intermediates. Ultimately, the degree of
surface reactivity towards C, O, and H that is most appropriate for deoxygenation reactions
that produce unsaturated products has yet to be quantitatively determined such that the
rational selection and design of catalysts can be achieved. Through systematic computational
surface chemistry studies of large suites of materials, as in this study of most 1st row TM
phosphides, we may build a greater and transferable understanding of new and unorthodox
catalytic materials.
As a background, many catalytic deoxygenation studies have illustrated that PGMs
exhibit a strong kinetic preference for the hydrogenation of C=C bonds or coke formation
over the cleavage of C–O bonds47;118;119;119;122–127. The propensity of reduced TMs and
PGMs to perform hydrogenation at moderately low temperatures is well known, thus
the inability to remove oxygens dictates this unfavorable catalytic performance118;119;128.
In situ spectroscopic and computational surface science studies of PGMs have partially
confirmed that generally high surface reactivity towards carbon, facile hydrogen transfer
from the metal surface, and insu cient surface reactivity towards oxygen appear to all
track well with the catalytic selectivity towards selective hydrogenation, overhydrogenation,
or C–O cleavage2;39;183–188. In contrast to TM/PGMs, TM ceramics have been shown
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to exhibit a more appropriate balance of surface reactivity towards C, O, and H in
deoxygenation reactions and the preferential removal of oxygen while inhibiting overhydro-
genation2;10;52;57;58;108;109;129;130;145–147;149;183;186–188. With respect to their surface chemistry,
far fewer surface science studies have been performed over TM ceramics for deoxygenation
reactions, yet those available have begun to illustrate the fundamental connection between
limited C=C activation, lower surface carbon a nity, and enhanced C–O ”activation”
(used loosely) and the ability of materials to succeed in complete oxygen removal and
olefin/aromatics production1;54;57;62;64;107.
Our prior studies focused on the surface and catalytic chemistry of Ni and Ti oxides,
carbides, nitrides, sulfides, and phosphides in deoxygenation reactions have further solidified
these trends and isolated degrees of surface reactivity towards O and C that are necessary
to drive C–O cleavage and preserve C=C unsaturation52. Our study found that Ti and Ni
phosphides (TiP and Ni2P) exhibited much more aggressive surface reactivity towards oxygen
than PGMs that corresponded to appreciable catalytic activity in recalcitrant phenolic
oxygen removal from the model pyrolysis bio-oil compound guaiacol52. The Ti and Ni
ceramics also exhibited markedly low surface reactivity towards C=C bonds and limited
hydrogenation activity which, combined, leads to the selective production of olefins and
aromatics. Other beneficial surface chemical features isolated were dramatically limited
van der Waals (vdW) interactions, more directional adsorbate-surface bonds that limited
aromatic ring interactions with the surface, and new hydrogen-surface bonds that directly
limit hydrogenation. In general, the Ti and Ni ceramics exhibited dramatically di↵erent
surface chemistry that was specially suited for deoxygenation reactions. The conclusions
of the study were also well-supported by experimental investigations of select late TM
phosphides in deoxygenation108;109;136;152;177–180, yet a high resolution study of all 1st row
TM phosphides was still lacking.
To further shed light upon the surface chemistry required for these reactions, a quantum
chemical surface reaction modeling approach using Density Functional Theory (DFT)
methods has been utilized to investigate the general surface and catalytic chemistry of
most 1st row TM phosphides in their most stable stoichiometries, namely TiP, VP, CrP,
Fe2P, Co2P, and Ni2P, in the model deoxygenation reaction of phenol to benzene. Due
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to the structural and/or magnetic complexity of Sc and Mn phosphides, these materials
were not included in the study. The study focuses upon the surface composition of TM
phosphides under preparation and reaction conditions; the reaction mechanism of phenol
deoxygenation; the role of phosphorous vacancies at the surface; general surface chemistry
towards C, O, and H; the catalytic chemistry of oxygen removal, selective hydrogenation,
and overhydrogenation; correlations between element selection, electronic structure, and
surface chemistry; reaction site composition and ensemble vs. electronic e↵ects; and a basic
kinetic model to predict catalytic activity. This study also serves to extend our systematic
understanding of the surface chemistry of TM ceramics as a function of changing d-state
filling over a significantly wide element selection. The correlations and conclusions developed
herein are also transferable to other TM ceramics to a certain extent, but additional large
studies must be performed to enhance these connections and clarify trends. The less-metallic-
solids focused exchange-correlation functional PBE-sol was used to more appropriately
capture the bonding within and surface chemistry on the TM phosphides. Selected results
were also computed using the more common PBE functional to show the minimal e↵ect of
XC functional selection. Our prior studies indicate that any degree of enhanced covalent
character in the less-metallic solids may necessitate the use of newer XC functionals.
4.3 Results and Discussion
4.3.1 Reaction Mechanism Determination
First, it was necessary to determine the surface reaction mechanism for phenol deoxygenation
over each phosphide. As the general surface chemistry of TM phosphides is not well
understood, our reaction mechanism screening included as many reasonable reaction
pathways for phenol deoxygenation towards benzene as possible considering the large suite
of materials being investigated. Figure 4.1 outlines five distinct reaction pathways for
the removal of the hydroxyl group. The first was a direct pathway where the Ar-OH
bond is cleaved without the need for dehydrogenation. This pathway may be active over
catalysts that exhibit su ciently high surface reactivity towards oxygen and carbon. The
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Figure 4.1: Reaction mechanisms considered in the deoxygenation of phenol to benzene.
The dominant reaction mechanism over the selected 1st row TM phosphides was the direct
route of C–O cleavage without the need for hydrogenation or dehydrogenation of phenol. The
other four mechanisms considered consisted of dehydrogenation of the OH group (indirect-a);
hydrogenation of the alpha ring carbon (indirect-b); OH group hydrogenation (indirect-c);
and tautomerization of phenol (tautomerization) before C–O cleavage.
second involves the dehydrogenation of the –OH group then C–O cleavage. This may be
active over solids with reduced surface reactivity towards C and O and elevated reactivity
towards H. In the third reaction pathway, hydrogenation of the ring occurs before oxygen
was removed. This pathway may be active over solids that exhibit high hydrogenation
activity but limited C–O cleavage activity. In the fourth, the –OH group of phenol molecule
was first hydrogenated and then removed with the direct production of H2O and phenyl
fragment. Again, elevated hydrogenation activity and limited C–O cleavage would result in
this pathway being prefered. The last pathway involved a tautomerization process of phenol
followed by C–O cleavage. This pathway may be active over pure metals where the aromatic
ring horizontally bonds on surface and is highly distorted to facilitate the intramolecular
hydrogen transfer147;189.
In the reaction mechanism determination, it is also critical to account for the orientation
of the aromatic ring, as this dictates ring-carbon-surface interactions and C=C activation,
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overhydrogenation, and C–C bond cleavage52. The e↵ect of adsorbate geometry may
contribute significantly to the catalyst selectivity towards oxygen removal or unselective
over-hydrogenation since it can strongly enhance or inhibit interaction between ring and/or
hydroxyl oxygen with the catalyst surface. Horizontal or prone orientation of adsorbates or
intermediates maximizes the ring-carbon-surface interactions and is driven by appreciable
carbon a nity. Nearly vertical or tilted ring geometries are found over surfaces that exhibit
low reactivity towards carbon or highly directional fragment-surface bonds (a result of
more covalent bonding within the TM ceramics). Prone adsorption can promote strong
ring carbon-surface interactions that in turn modifies the ring electronic structure and
ring carbon geometry. This is evident from a pronounced change from sp2 to sp3 ring
carbon geometry. This geometry change causes the –OH fragment to be angled away from
the catalyst surface145;146;189, which appears to dramatically limit interactions between the
catalyst surface and the –OH group. Vertical or tilted geometries allow for maximal C–O
interaction with the catalyst surface and more facile C–O dissociation if the surface reactivity
is su cient.
Before isolating mechanisms, ab initio thermodynamics were used to determine the
energetics of the termination of the TM phosphide surfaces under reaction conditions of
300 C and approx. 70 mol% H2 at 1.0 atm (see Figure 4.2). The aim of this approach was to
model the surface composition of the TM phosphides in their condition after being exposed
and modified by the reducing H2 environment. The approach includes a reaction between
atomic H from H2 and surface phosphorous that results in the formation of PH3. Through
this reaction, weakly bound surface phosphorous may be removed until it stability produces
an endothermic energetic for its removal. Again, the approach models the surface of the
materials when in contact with reducing reaction conditions and not the state encountered
during synthesis conditions where the chemical potential of phosphorus would likely be high
or di cult to model, e.g., in the use of PH3, white or yellow phosphorus, or phosphate/ite
ligands within an organometallic precursor190–193. The approach utilized a range of manually-
produced P-rich to P-lean surfaces. Where the thermodynamics of sequentially removing
surface phosphorus atoms crossed from exothermic to endothermic was used to mark when
the surface composition became stable.
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Figure 4.2: Surface termination determined by calculating the Gibb’s free energy of
phosphorus removal from P-rich to ”as-prepared” to P-lean surface under the reaction
conditions of 300 C and approx. 70 mol% H2 at 1.0 atm. Elements in the model figures
are color coded: Ti (light brown), V (medium blue), Cr (light purple), Fe (dark blue), Co
(pink), Ni (turquoise), P (orange), C (green), and H (black).
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Focusing on P-rich surfaces first (1/4ML P added to stoichiometric surfaces), results show
that most of the phosphides considered would favor removal of the extra phosphorus. Only
VP and Fe2P show energetic preference for P-rich compositions ( G of +0.55 and +1.13 eV,
respectively). Removal of extra-stoichiometric phosphorus over Co2P, CrP, Ni2P, and TiP
was consistently exothermic (–0.25, –0.20 –0.12, and –0.10 eV, respectively). Investigation of
the other extreme of a P-lean surfaces showed that the surfaces of early TM phosphides TiP
and VP may su↵er from phosphorous loss, yet middle to late TM phosphides (CrP, Fe2P,
Co2P, and Ni2P) appear to be much more robust under H2 reducing conditions. The Gibbs
free energy of the first vacancy creation at 1/4 coverages for TiP and VP were +0.21 and
+0.12 eV, respectively, which was significantly less than those over the remaining four TM
phosphides ( Gf,vacancy was +2.03, +1.63, +1.53, and +1.65 eV for Fe2P, Ni2P, CrP, and
Co2P, respectively). These results indicated that P-vacancy chemistry may be active over TiP
and VP, but less likely over Fe2P, Ni2P, CrP, and Co2P. Full mechanisms with kinetic analyses
were performed only over the surface compositions determined to be stable under reaction
conditions, which also coincide with stoichiometric surface terminations. These surfaces
are described as ”as-prepared” and expected after common H2 treatments of synthesized
materials. Catalytic contributions from the P-rich surfaces VP and Fe2P and P-lean surfaces
TiP and VP and the potential for surface oxidation by the phenolic oxygen after its removal
from phenol were also studied for completeness, but found to not be catalytically important.
Adsorption of phenol over the selected 1st row TM phosphides was investigated in two
orientations: horizontal or prone and vertical or tilted. These geometries reference the
orientation of the aromatic ring with respect to the catalyst surface. The former enhances
ring-surface interactions whereas the latter enhances interactions between the oxygen of the
–OH group and the surface. Figure 4.3 presents the most energetically favorable phenol
adsorption via both vertical and horizontal geometries over the 1st row TM phosphides
calculated without vdW interactions included. Adsorption over Fe2P and Ni2P was stronger
than over the other four TM phosphides and favored a horizontal orientation that maximized
the aromatic ring interaction with the catalyst surface. This phenomenon stemmed from the
presence of TM ensembles at the Fe2P and Ni2P surfaces. Phenol adsorption over Fe2P
and Ni2P was exothermic in either the horizontal (–2.04 eV for Fe2P and –1.51 eV for
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Figure 4.3: Adsorption of phenol via both horizontal/prone and tilted/vertical geometries
that selectively maximize ring-surface or hydroxyl-O-surface interactions. Strong oxygen
or carbon a nity of the catalyst surface promotes prone or vertical adsorbate orientation.
Elements in the model figures are color coded: Ti (light brown), V (medium blue), Cr (light
purple), Fe (dark blue), Co (pink), Ni (turquoise), P (orange), C (green), O (red), and H
(black).
Ni2P) or vertical geometry (–0.58 and –0.41 eV for Fe2P and Ni2P, respectively). Over CrP,
phenol adsorption favored vertical (Eads = –0.46 eV) over horizontal (Eads = +1.23 eV). On
the other hand, the adsorption preference over TiP, VP, and Co2P is less clear due to the
nearly thermoneutral adsorption energies in either orientation. The adsorbate orientation
preference for phenol over the 1st row TM phosphides is in stark contrast to that found over
pure metals, which strongly favored horizontal/prone geometry145–149;194–199 because of their
inherently high surface carbon a nity. The ramifications of phenol orientation on the full
reaction mechanisms was also analyzed. Due to the enhanced stability of the horizontally
oriented ring on Fe2P and Ni2P, more in-depth consideration of this geometry on the overall
reaction mechanism was warranted. It is also noted that vertical/tilted geometries were
produced automatically after the cleavage of the C–O bond over all other TM phosphides
due to more directional bonding to the surface.
Reaction mechanisms of phenol deoxygenation to benzene were investigated over the
selected 1st row TM phosphides via direct C–O bond cleavage and indirect reaction pathways
(see Figure 4.4). Indirect pathways considered included a) dehydrogenation of the OH
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Figure 4.4: Conglomerate of a) and b) reaction mechanism energetics for the most favorable
direct C–O cleavage mechanism over the selected 1st row TM phosphides; correlations
between kinetic barriers for c) dehydroxylation and d) hydrogenation with d-band center
of TM phosphides; e) H2 dissociative adsorption energy; f) phenol adsorption energy; and g)
model figures for transition states of oxygen removal (left) and hydrogenation (right) steps.
The rate-determining step was found to be dehydroxylation over CrP, Fe2P, Co2P, and Ni2P
and hydrogenation over VP and Fe2P. Scheme below a) includes only fragments and elements
participating in the reaction pathway noted.
of phenol then C–O cleavage, b) hydrogenation of the carbon at the ipso position of the
ring then C–O cleavage, c) hydrogenation of the phenol OH oxygen then C–O cleavage
and d) tautomerization followed by C=O cleavage. Thermodynamics analysis suggested
that the direct reaction pathway was most energetically favorable over all materials (see
Figure 4.5-4.8). However, the energetics for the indirect-a reaction pathway where the
hydroxyl is dehydrogenated before C–O cleavage showed similar overall energetics, yet less
exothermic driving forces for the oxygen removal step. All other pathways exhibited one
highly endothermic reaction step that suggested significantly higher kinetic barriers than
direct or indirect-a pathways. Due to the scale of the study, kinetic barriers were calculated
only for the direct pathway in completion and the step predicted to be kinetically limiting in
the indirect-a reaction pathway. This investigation showed that all 1st row TM phosphides
except TiP preferentially perform phenol deoxygenation via direct cleavage of the Ar–OH
bond (see Figure 4.4a and b). TiP was found to follow the indirect-a pathway (see Table
4.1).
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Table 4.1: Comparison of kinetic barriers of oxygen removal step via direct and indirect-a
reaction pathway.







Figure 4.5: Indirect reaction pathway-a (Indirect-a) of phenol deoxygenation over the 1st
row TM phosphides. The thermodynamic driving force for the oxygen removal step was
reduced significantly in comparison to the direct reaction pathway.
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Figure 4.6: Indirect reaction pathway-b (Indirect-b) of phenol deoxygenation over the 1st
row TM phosphides. The highly endothermic energetics for the ring hydrogenation step
before oxygen removal indicated it was an energetically unfavorable reaction pathway.
Figure 4.7: Indirect reaction pathway-c (Indirect-c) of phenol deoxygenation over the 1st
row TM phosphides. The highly endothermic energetics for the hydrogenation of the –OH
group before C–O cleavage suggested it was not the most energetically favorable reaction
pathway.
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Figure 4.8: Thermodynamics for the tautomerization of phenol process over the 1st row
TM phosphides. The endothermic energetics for the tautomerization step suggested that it
was an energetically unfavorable reaction pathway.
Within the most favorable mechanisms, the C–O cleavage step was the rate-determining
step over all phosphides besides TiP and VP. VP exhibited more significant surface reactivity
that more e ciently drove C–O cleavage but also enhanced the barriers for the hydrogenation
step shifting the rate-determining step for these materials. In the case of TiP, the rate-
determining step was the hydrogenation step due to the more covalent bonding within the
solid that limits H transfer. After C–O cleavage, the aromatic fragment of phenol remained
vertical over TiP, VP, CrP, and Co2P. On the other hand, a horizontal fragment was more
favorable over Fe2P and Ni2P. With respect to the nature of the reaction sites (see Figure 4.9
and 4.10 for model figures), both metal and phosphorus contribute to the surface chemistry
at various degrees as a strong function of TM selection. Surface phosphorus reaction sites
dominated the deoxygenation reaction over TiP and VP, yet both metal and phosphide
surface reaction sites participated in the reaction over CrP and Co2P. Over Fe2P and Ni2P,
surface metal sites were more reactive and dominated the surface chemistry. These trends
can be partially understood through electronic and geometric e↵ects that will be discussed
later.
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Figure 4.9: Model figures of the most favorable reaction pathway for phenol deoxygenation
over the 1st row TM phosphides.
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Figure 4.10: Model figures for other possible surface reaction sites that are less favorable
in phenol deoxygenation reaction steps over CrP, Fe2P, Co2P, and Ni2P. Adsorption over
TiP and VP was completely limited to surface phosphorous sites due to geometric blocking
of the metal sites. Other adsorption geometries were also investigated but all relaxed to the
adsorption sites presented.
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It is important to note that surface coverage e↵ects were not considered due to the size
of this study. With respect to adsorption or desorption being kinetically important, the
reactivity of phenol and phenol adsorption calculations suggests that adsorption is likely
not a limiting factor. Where desorption of the product benzene or H2O were kinetically
important, they are considered to be poisons rather than a mechanistic step.
4.3.2 Detailed Analysis of Specific Reaction
Focusing upon the kinetics of C–O cleavage, we found that Fe2P and VP exhibited lower
activation barriers in comparison to TiP, CrP, Co2P, and Ni2P. The kinetic barriers for
oxygen removal were 0.64 and 1.02 eV over Fe2P and VP, respectively. Reaction rate constant
estimations of 2.47x106 and 7.05x102 s 1 for Fe2P and VP, respectively at 300 C (see Table
4.2) suggest that this reaction step can be significantly promoted by presenting high surface
oxophilicity to the reactant. For the remaining phosphides, less exothermic thermodynamic
driving forces for C–O bond cleavage were found for CrP, Co2P, Ni2P, and TiP (–0.96, –
0.69, –0.38, and –0.18 eV respectively), which led to more pronounced kinetic barriers (CrP,
Co2P, Ni2P, and TiP, Ea = 1.73, 1.72, 1.50, and 1.50 eV, respectively). Reaction rate constant
estimations at 300 C of 4.49x10 3, 1.13x10 4, 4.40x10 1, and 4.07x10 2 s 1 for CrP, Co2P,
Ni2P, and TiP, respectively (see Table 4.2) indicate that Ni2P is another promising candidate
that can cleave C–O with appreciable rates at moderate reaction conditions. Making early
comparisons to studies over Ni2P, Co2P, MoP, and Fe2P indicate that this step may be most
Table 4.2: Kinetic barrier and rate constant analysis over the 1st row TM phosphides. The
rate-determining step was bold and colored as blue.
CAT. Deoxygenation Hydrogenation Ben. Desorp.
 E (eV) Ea (eV) R. Con. (s 1)  E (eV) Ea (eV) R. Con. (s 1)  E (eV) R. Con. (s 1)
TiP –0.18 1.50 4.07E–2 0.32 1.58 1.73E–2 0.17 1.74E+11
VP –1.67 1.02 .7.05E+2 1.08 1.35 .?-6.53E0 0.19 2.13E+11
CrP –0.96 1.73 4.49E–3 .–0.13 1.31 2.03E+1 0.22 1.16E+11
Fe2P –0.77 0.64 .2.47E+6 .–0.17 0.47 1.27E+7 0.35 8.35E+9
Co2P –0.69 1.72 1.13E–4 .–0.34 0.76 7.68E+5 0.07 2.42E+12
Ni2P –0.38 1.50 4.40E–1 .–0.10 0.52 7.36E+8 0.39 3.71E+9
79
kinetically important over Ni2P and Co2P, yet that kinetics of another step or another aspect
of surface chemistry may dictate overall catalytic activity of MoP and Fe2P108;109;152.
The analysis of the selective hydrogenation over the 1st row TM phosphides showed that
this step was kinetically limited in comparison to similar steps over pure reduced metal
surfaces108;136;145;146;152;180. No clear BEP correlations between thermodynamics and kinetics
of the hydrogenation step was found (see Figure 4.11). On the other hand, a correlation was
found between the d-band center of the phosphides and hydrogenation kinetics indicating
a clear contribution of d-states to hydrogen bonding even when the surface reaction sites
are phosphorous (see Figure 4.4d). The early 1st row TM phosphides exhibited moderate
kinetic barriers for selective hydrogenation of 1.58, 1.35, and 1.31 eV for TiP, VP, and CrP,
respectively. Reaction rate constant estimations were calculated as 1.73x10 2, 6.53, and
2.03x101 for TiP, VP, and CrP, respectively at 300 C. On the other hand, the kinetic barriers
were calculated to be 0.47, 0.76, and 0.52 eV for Fe2P, Co2P, and Ni2P, respectively. Reaction
rate constant estimations at 300 C were 1.27x107, 7.68x105, and 7.36x108 s 1 for Fe2P, Co2P,
and Ni2P, respectively indicating more facile selective hydrogenation in comparison to the
early TMs.
Figure 4.11: BEP-like correlation between kinetics and thermodynamics of the
hydrogenation step over the 1st row TM phosphides. No clear correlation was found due
to hydrogenation being a↵ected significantly by the electronic structure of the phosphides.
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The e↵ect of the orientation of the phenyl fragment during selective hydrogenation is
critical to investigate since it may a↵ect the selectivity of the reaction towards benzene
production vs. overhydrogenated products (see Figure 4.12). Over the surfaces of TiP, VP,
CrP, and Co2P, the phenyl ring intermediate remained vertical through hydrogenation to the
formation and desorption of benzene. In contrast, the ring favored horizontal orientation over
Fe2P and Ni2P. The increased interaction promoted selective hydrogenation as compared to
the vertical geometry, but simultaneously inhibited the following desorption step, which
may result in surface poisons, overhydrogenation, or coke formation depending on the
activation of the molecule (see Figure 4.12). Similar e↵ects were encountered over PGMs
in computational and experimental surface science studies where aromatic rings lay flat on
the metal surface82;126;145;146;200. Further, the catalytic ramifications of these interactions
have also been shown over a variety of PGM materials in catalytic performance studies
as well47;81;82;126;127;161. This phenomenon appears to be general over TM phosphides and
ceramics and potentially partially responsible for their demonstrated di↵erences in many
catalytic reactions in comparison to metals.
Figure 4.12: A comparison of phenol deoxygenation reaction via horizontal and vertical
orientation over Fe2P and Ni2P. The highly endothermic energetics for the hydrogenation
steps would likely result in a catalytically inactive surface because of poisoning.
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To understand the mechanistic ramifications of the non-bulk-like surface terminations of
the 1st row TM phosphides, we investigated phenol deoxygenation over the phosphorus-rich
surfaces of VP and Fe2P as well as over the TiP and VP surfaces with a P-vacancy presented
(see Figure 4.13-4.15). Over phosphorus-rich VP and Fe2P surfaces, results showed an
aggressive reduction of the ability to dissociate hydrogen and to remove oxygen in comparison
to the ”stoichiometric” surfaces. Therefore, these surfaces were not considered further.
On the other hand, the calculations indicated that the defective surfaces of TiP and VP
exhibited generally higher surface reactivity toward C, O, and H in comparison to the ”as-
prepared” stoichiometric surface for both TiP and VP. P-vacancy-induced surface reactivity
produced more exothermic energetics for H2 dissociation and dehydroxylation, but more
stable phenyl, –OH, and atomic H intermediates. These changes lead to more energetically
di cult hydrogenation of phenyl to benzene over TiP (+0.88 eV with vacancy and +0.32
eV without vacancy), yet similar energetics over VP (+1.01 eV with vacancy and +1.08 eV
without vacancy). The most telltale sign that these surface sites would not be catalytically
active is the highly endothermic energetics for the formation of H2O after phenolic oxygen
healed the vacancies (+2.32 and +2.62 eV over VP and TiP, respectively). The inability of
the surfaces to complete the removal of oxygen via H2O production suggested that oxidation
of the TiP and VP would likely occur severely limiting catalytic activity and the chemistry
performed by the P-vacancies.
Figure 4.13: Direct reaction pathway of phenol deoxygenation on p-rich and stoichiometric
surface of VP.
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Figure 4.14: The direct reaction pathway of phenol deoxygenation on p-rich and
stoichiometric surface of Fe2P. The highly endothermic phenol adsorption energy over P-rich
surface suggested an ensemble e↵ect. The aggressive reduction of the ability to cleave C–O
bond over P-rich Fe2P indicated that the surface is less favorable for phenol deoxygenation
than the ”as-prepared” Fe2P surface.
Figure 4.15: Deoxygenation reaction of phenol on the phosphorous vacancy reaction site
of TiP and VP. The highly endothermic energetics for hydrogenation and water formation
steps would likely result in catalytically inactive surfaces and poisoning.
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Results of our experiments on TiP in guaiacol deoxygenation confirm that this oxidation
occurs (see Figure 4.16). Guaiacol deoxygenation reaction was performed over TiP and
Ni2P in the temperature range of 200 to 700 C in a gas flow reactor with a catalyst loading
of 500 mg for TiP (3.0 m2/g) and 100 mg for Ni2P (22 m2/g). Overall gas flow rate of
100 SCCM with 10% H2 was used. Guaiacol was introduced using a fine-flow rate syringe
pump. E✏uent of the reactor was analyzed via online sampling with a GC equipped with
FID and TCD detectors. Catalyst composition change of Ni2P and TiP were analyzed by
TEM after reaction of 10 hours up to 700 C with elemental mapping via EDS. TiP was
found to oxidize even under the reducing environment due to the thermodynamic driving
force for Ti oxidation (the oxygen healing energy is –4 eV exothermic). On the other hand,
no clear oxidation or phosphorus loss were observed over Ni2P, which coincided with our
calculations. Therefore, further investigation of surface and catalytic chemistry of TiP and
VP was performed only over the ”as-prepared” stoichiometric surfaces noting they would
have limited stability under reaction conditions.
To understand how maximized or limited ring-surface interactions a↵ect the reaction
mechanism, we contrasted vertical vs. horizontal ring orientation reaction pathways over the
phosphides that exhibit a preference for the horizontal ring orientation, namely Ni2P and
Fe2P (see Figure 4.12). In the dehydroxylation step, the thermodynamic driving force for
C–O bond cleavage over Fe2P was marginally less exothermic via the horizontal geometry
as compared to vertical geometry ( E = +0.24 and –0.77 eV for horizontal and vertical
geometry, respectively). Orientation of the –OH moiety away from the surface as ring-
carbon geometry transform from sp2 to sp3 geometry likely contributes to this change.
A similar e↵ect was encountered over Ni2P ( Ehoriz. = –0.07 and  Evert. =–0.38 eV).
Figure 4.16: EDS analysis over TiP after guaiacol deoxygenation reaction showed a loss
of phosphorus atoms and a significantly thick oxide layer indicating a lack of stability and a
driving force for oxidation was present (noted in figure).
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Selective hydrogenation, on the other hand, was significantly promoted by 0.81 eV over
Fe2P ( Ehoriz..= –0.99 eV vs.  Evert. = –0.17 eV) yet only marginally over Ni2P ( Ehoriz.
= –0.39 eV vs.  Evert. = –0.10 eV). In the end, the most kinetically significant e↵ect of
the aryl ring orientation was found to be the desorption of the product benzene. Over
both Fe2P and Ni2P, desorption was inhibited by +1.80 to +1.24 eV (For Fe2P:  Ehoriz.=
+2.15 eV vs.  Evert. = +0.35 eV; For Ni2P:  Ehoriz.= +1.63 eV vs.  Evert. = +0.39 eV).
These results suggested that the horizontal reaction geometry may lead to a highly decorated
surface that exhibits lower overall catalytic performance due to product poisoning or similar
strongly bound intermediates. This prediction is consistent with published experimental
observation where Fe2P showed low activity and deactivation in guaiacol deoxygenation yet
Ni2P still exhibited promising catalytic activity and selectivity towards benzene due to its
weaker bonding of benzene via the horizontal geometry109. Moreover, the presence of a
high concentration of strongly bound and highly activated aromatic intermediates may also
promote overhydrogenation, unselective saturated products, C–C bond cleavage, or coke
formation.
To predict phosphide activity in unselective overhydrogenation and general over-
activation of the selective product or intermediates, we investigated the first unselective
hydrogenation of benzene and its connection to benzene adsorption and distortion energy
(see Figure 4.17). The thermodynamics of unselective hydrogenation were calculated to be
+0.24, +0.42, +0.51, +0.87, +0.50, and +0.51 eV over TiP, VP, CrP, Fe2P (vertical), Co2P,
and Ni2P (vertical), respectively. Kinetic barriers were determined to be 1.02, 0.63, 1.58,
0.95, 1.12, and 1.01 eV over TiP, VP, CrP, Fe2P, Co2P, and Ni2P, respectively. Comparing
to the same step over Pt and Ni ( E = +0.10 and +0.23 eV, respectively and Ea = 0.77
eV for Pt and 0.73 eV for Ni over both materials), the phosphides appear to limit over
hydrogenation in general201–203.
Searching for connections to basic surface reactivity probes, the kinetics of hydrogenation
over the phosphides, Pt, and Ni do not track as a group with the adsorption energy of
benzene. On the other hand, the distortion energy of benzene appears to better capture
the connection between adsorbate destabilization and hydrogenation kinetics. Over Pt
and Ni, the electronic structure and geometry of benzene were significantly perturbed as
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Figure 4.17: The distortion energy of adsorbed benzene over pure metals and the selected
1st row TM phosphide surfaces. The values for the materials that have superscript label of
’a’ are from published results from refs3;4.
evidenced by high distortion energies, +1.63 and +0.97 eV, respectively (see Figure 4.17).
Over the phosphides, benzene distortion was significantly reduced due to the vertically
oriented geometry of the adsorbate and generally reduced interaction with the surface
(+0.32, +0.14, and +0.08 eV over VP, Ni2P (vertical), and Fe2P (vertical), respectively
and nearly zero over TiP, CrP, and Co2P). These results indicate that overhydrogenation
would be limited over many of the phosphides considered in comparison to Pt and Ni
metals. These predictions are in line with the observed activity of PGMs to overhydrogenate
oxygenated aromatics before they remove phenolic oxygen118;119;122–127 and the ability of the
select TM phosphides to drive the removal of phenolic oxygen while preserving aromaticity
of the products49;101;108;109;152;153;204. It is also useful to point out that unselective ring
hydrogenation was much more di cult via the horizontal orientation over Fe2P and Ni2P
(thermodynamics of +1.62 eV for Fe2P and +1.34 eV for Ni2P, kinetics not calculated). This
would indicate further that molecules that adsorb in this geometry may not contribute to
product distributions unless more elevated temperatures are utilized.
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4.3.3 Correlation of Mechanistic Steps and Reactivity Markers
We first focus upon the kinetics of C–O bond cleavage, which is found to be the rate-
determining step over four of the six catalysts (CrP, Fe2P, Co2P, and Ni2P). To approximate
surface reactivity towards O and C, we utilized molecular O2 dissociative adsorption and
ethylene adsorption. Due to the saturation of the carbons in ethylene, it was found to be
an appropriate and simple probe molecule to approximate the carbons in the benzene ring.
Ethylene was also less a↵ected by ensemble size e↵ects thus more general than using benzene
adsorption. Attempts to correlate thermodynamic driving force or kinetic barrier for the
dehydroxylation step with probe molecule adsorption energetics failed to identify clear 2D
or 3D correlations (see Figure 4.18 and 4.19). A similar e↵ect was encountered in two other
studies focused on C–H activation over TM oxides and OH adsorption over MoPx 205;206. As
the reaction site nature, metal-to-nonmetal ratio, electronegativity of the TM and P, and
electronic states near the Fermi level all a↵ect the surface chemistry and reduction/oxidation
energetics of the TM phosphides, a lack of BEP and Sabatier correlations is unsurprising.
Unlike metals where electron transfer to O or OH is facile and complete, oxidation and
reduction over the phosphides is more energetically complex and, evidently, of significant
importance in overall reaction energetics for C–O bond cleavage.
Figure 4.18: Scaling relationships of the reaction step energetics of dehydroxylation with
the surface a nities of oxygen and carbon showing a lack of correlation.
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Figure 4.19: Correlation of the relative activity for C–O cleavage with C2H4 adsorption
and dissociative O2 adsorption showed a lack of correlation. As discussed in the text, this
lack of correlation may be attributed to reduction and oxidation energetics as the C–O
bond is cleaved, which are a function of e↵ective electronegativity of the phosphide, bulk
metal-to-nonmetal stoichiometry, and surface reaction site composition.
Correlating the dehydroxylation step energetics with the d-band center also proved
to yield no linear or volcano-like trends further illustrating the added complexity of
translating TM phosphide electronic structure to surface reactivity. This phenomenon may
be rationalized by accounting for the reorganization of electron density that occurs during
and after the C–O bond is cleaved. Prior to dissociation, the aryl ring donates charge to
the oxygen of the –OH group. After dissociation occurs, electron density returns to the ring
and is then transferred from the catalyst surface to the new OH adsorbate (see Table 4.3).
Therefore, the energetics of the reaction step and the oxidation of the catalyst surface that
follows are a function of the e↵ective electronegativity of the TM phosphides as dictated by
TM, P, and their ratio in the bulk as well as the available electronic states near the Fermi
level. This is likely a general phenomenon for TM ceramics and was highlighted in our prior
studies of Ti and Ni ceramics that included p-block elements of significantly varying and
higher electronegativities52. It is also important to note that the energetics of the oxidation
of the catalyst surface would also be a function of the surface coverage of adsorbates and
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Table 4.3: Bader charge analysis of the oxygen and carbon of the dehydroxylation step
fragments post C–O cleavage to ascertain the degree of electron transfer, which may
contribute to reaction energetics.







the amount of material in the infinite slab model (slab thickness). Lastly, as more and more
reactions are involving oxygen chemistry, understanding how reduction/oxidation events
contribute to overall reaction step energetics in C–O cleavage or C=O activation over less-
or nonmetallic solids will be necessary for rational catalyst selection and design in the future.
The lack of BEP-like and Sabatier correlations between deoxygenation reaction step
energetics and surface reactivity probes or d-band centers should not overshadow the
beneficial e↵ects of the greatly elevated surface reactivity of the phosphides towards oxygen
and oxygen containing bonds. This elevated oxophilicity is a major figure of merit of these
materials and critical to drive the C–O cleavage in deoxygenation chemistry. It also contrasts
considerably with the surface chemistry of PGMs and their inability to remove recalcitrant
oxygens from pyrolysis oil. For example, dissociative adsorption of O2 may be used to
benchmark the di↵erences in reactivity. Over Pt, Pd, and Ru, dissociation of O2 was found
to be moderately exothermic at –1.34, –1.03, and –2.35 eV, respectively155–157;207. On the
other hand, TiP, VP, CrP, Fe2P, Co2P, and Ni2P all drove O2 dissociation with significantly
exothermic energetics (–3.06, –2.99, –3.18, –3.85, –2.80, –2.64 eV, respectively). This stark
contrast and correlation between elevated reactivity towards oxygen and more e cient
deoxygenation has also been isolated by several other well defined studies. For example, in
the deoxygenation of furfural and propanol over WC and Mo2C, DFT, HREELS, and non-
model catalyst performance studies have all suggested that activation of the C–O bond is
enhanced as surface reactivity towards oxygen increases57;107;208. A similar phenomenon was
also encountered in the UHV surface science study of phenol decomposition over Rh(111),
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Mo(110), and Al(111) surfaces where the enhanced surface oxophilicity of Mo(110) and
Al(111) promoted C–O bond cleavage yet the lower relative reactivity of the Rh(111)
proved insu cient and no deoxygenation was observed209–211. These and other studies also
illustrated the contrast between TM ceramics surface reactivity and the insu cient reactivity
of PGMs and TM-modified PGMs suggesting greater trends108;109;119;128;152.
Correlations between surface reactivity markers and the hydrogenation step were far
more evident, yet not thoroughly sampled by the selection of phosphides, as evident by
only monotonic portion of correlation space being produced by the data set (see Figure
4.20). Probe molecules of ethylene and dissociative H2 adsorption were correlated with
hydrogenation kinetics via the log of a ratio of kinetic rate constants (log(k/kmax)).
Adsorption of probe molecules showed oscillations as a function of d-orbital filling indicating
strong electronic e↵ects, e.g., ethylene adsorption was –1.52, –2.44, –1.28, –1.79, –0.42, –1.42
eV over TiP, VP, CrP, Fe2P, Co2P, and Ni2P and atomic H adsorption was –0.37, –0.76,
–0.36, –0.78, –0.33, and –0.79 eV over TiP, VP, CrP, Fe2P, Co2P, and Ni2P. However, a
decent linear correlation was found between the kinetics of hydrogenation and ethylene and
dissociative H2 adsorption (see Figure 4.20). The energy ranges of strong H2 dissociative
adsorption and low ethylene adsorption that were not sampled by the phosphides chosen for
the study thus this portion of the plot was approximated (area outlined in dashed red lines).
It is also noted that the rate is expected to reduced again at the limit of very strongly bound
ethylene, yet this feature was not artificially added to the plot.
Despite the 2D correlation, scrutinizing individual adsorption of atomic H and ethylene
vs. hydrogenation activity shows that the monotonic trends observed over metals do not
readily apply to the TM phosphides. Instead, new correlations and understanding needs
developed. For example, over CrP weaker atomic H and ethylene adsorption led to elevated
hydrogenation, yet more significant adsorption of either probe over Ni2P produced an even
higher rate of hydrogenation. These results further suggest that the convoluted nature of
adsorption energies may change how they may be used in correlations when focusing upon
catalysts that present more than just d-states to surface species. However, generally reduced
reactivity towards carbon and elevated hydrogenation is evident. A similar phenomenon was
also encountered in the UHV surface science studies by Chen et al. where cyclohexane and
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Figure 4.20: Sabatier-type correlation of normalized hydrogenation kinetic rate constant
(log(k/kmax)) with surface chemical reactivity markers of C2H4 adsorption and dissociative
H2 adsorption. Results indicated that both surface reactivity towards carbon and hydrogen
contribute to the reaction rate of the hydrogenation step.
cyclohexene underwent complete decomposition towards atomic C and H2 production over
Mo metal yet selective dehydrogenation was possible once the Mo surface was carburized,
nitridized, and oxidized1.
The e↵ect of the surface reaction site on hydrogen transfer was quite pronounced and
tracked well with metal vs. nonmetal site and metal content in the phosphide. Metal
reaction sites promoted H transfer. Whereas, hydrogen adsorbed to a phosphorous site was
less energetically favorable to transfer. This was likely due to enhanced orbital overlap and
di↵erent H-surface bonding in comparison to over metals. For instance, the surface metal
sites of Ni2P and Fe2P dominated the hydrogenation reaction, which resulted in higher
hydrogenation rates than other 1st row TM phosphides. In the cases of CrP and Co2P where
both surface metal and phosphorus sites participate in the reaction, the hydrogenation over
Co2P was several orders of magnitude faster than over CrP potentially due to the higher
metal content in the solid. This same e↵ect was observed in the surface science cyclohexene
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TPD studies over Pt and PtSn single crystals under UHV environment where hydrogenation
was facile towards cyclohexane production over Pt metal, yet only benzene was observed
via dehydrogenation over PtSn due to both ensemble and electronic e↵ects2. A similar
phenomenon was also encountered on W metal and carburized W in UHV surface science
cyclohexene TPD study212. Furthermore, in a computational study by Chen et al., atomic
hydrogen was found to bind stronger over the carbides than over the pure metal surfaces9.
This aspect may also be responsible for endothermic energetics for H2 production in the
water-gas shift reaction over Mo2C, as shown by others213.
4.3.4 Correlation of Electronic Structure to Surface Chemistry
Connecting surface chemistry with the electronic structure of the TM phosphides instead
of surface reactivity markers indicated selective hydrogenation tracked well with the d-state
filling, yet dehydroxylation step kinetic barriers did not (see Figure 4.4c and d). Again,
this is likely due to the redox-type reaction step of C–O cleavage and the less metallic
character of the TM phosphides. In selective hydrogenation, we find that as the d-band
population increases (d-center lowers in energy), weaker bonds to adsorbates and reaction
intermediates are produced in a similar fashion as over reduced TM surfaces69;185;207;214–217.
The destabilization of the surface-bound species led to lower barriers in the selective
hydrogenation. Conversely, as the d-states are emptied, higher barriers are encountered.
Considering that both metal and phosphorus surface sites participated in the surface reaction,
the correlation with the d-band center indicated the selection of TM dominated the electronic
contributions to the surface chemistry even when the phosphide surface chemistry was
dominated by phosphorous sites. This is the case even for the early TM phosphides where all
surface chemistry occurs over phosphorus reaction sites, namely over VP and TiP. Again, the
lack of correlation between d-band center and dehydroxylation energetics is attributed to the
e↵ective electronegativity of the TM phosphide, the metal-to-nonmetal ratio as a function
of TM selection, and the changing electronic states near the Fermi level as a function of TM
selection.
To understand how surface reactivity is dictated by electronic structure, we first
qualitatively characterized the bonding within the TM phosphides with respect to degrees
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of d- and p-state hybridization using similar concepts as those developed for adsorption in
the Newns-Anderson model extended to bonding in solids using DOS, Bader charge, and
band structure analysis (see Figure 4.21 and 4.22)218. Moving from right to left in the 1st
row, we find that the bonding in the phosphides changes from selective to a more complete
hybridization between d- and p-states. The evolution of metallic-to-covalent bonding is most
clearly evidenced in the band structure of each material. In Ni2P, Co2P, and Fe2P, there is a
mixture of unperturbed d-states (flat across k-space) near the Fermi level (see Figure 4.22).
These d-states lead to significant metallic electronic character for these phosphides. Charge
analysis of these materials also suggests little polarization between the TM and P elements.
On the other hand, the phosphides of CrP, VP, and TiP all show quite covalent bonding
as well as significant charge polarization. Analysis of the band structure shows strongly
hybridized d- and p-states with band spread widths increasing from Cr to Ti suggesting
increasing covalent nature. Polarization within the early TM phosphides follows the same
trend with increased charge density transfer as the electronegativity of the TM decreased. In
the less hybridized phosphides, Ni2P, Co2P, Fe2P, and CrP, selective hybridization between
d- and p-states led to seemingly unperturbed d-states near the Fermi level that enhanced
surface metal reactivity. A superficial trend of the number of d-states near the Fermi level and
the reactivity of the metal surface sites was evident. In VP and TiP, more fully hybridized
covalent yet also polarized bonding leads to more reactive surface phosphorous sites due to p-
states residing near the Fermi level. This electronic e↵ect combined with a geometric blocking
of the TM sites for TiP and VP leads to surface phosphorous performing all the surface
chemistry. Again, the number of p-states near the Fermi level correlates approximately with
the reactivity of the surface phosphorous sites. Similar elevated p-block element reactivity at
the surfaces of TM ceramics has been noted in other computational surface science studies
as well46;52;62;219;220.
Correlating electronic structure with the nature of the reaction sites, it was clear that a
selection of the metal-rich late 1st row TM phosphides, Ni2P and Fe2P, exhibited ensemble-
type surface reactivity with the metals dominating the surface chemistry. Whereas, the
surface facet used for the metal-rich Co2P exhibited linear chains of TM reaction sites
that inhibited ensemble e↵ects and enhanced the role of surface phosphorous. The same
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Figure 4.21: Density of states, Bader charge analysis (values in blue for TM and red for P
in DOS plots), and d-band center (black arrow) for the selected TM phosphides.
94
Figure 4.22: Correlations of the thermodynamic driving force for the hydrogenation step
towards benzene formation with a) H2 dissociative and b)C2H4 adsorption energies showing
both surface reactivity markers play significant role in the reaction step energetics.
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phenomenon continued over CrP with both TM and phosphorous sites playing a role. VP
and TiP exhibited crystal structures that drove the most favorable surface to be completely
decorated by phosphorous atoms. The p-states of phosphorus near the Fermi level promoted
their reactivity and contribution to the catalytic surface chemistry. In commonly used
terms, the phosphides exhibited ensemble-type surface reaction sites for later TMs and more
electronic and geometric e↵ects when early TMs are utilized. These trends roughly followed
the metal content of the solid and the availability of d- and p-states near the Fermi level.
4.4 Conclusion
In summary, our study of deoxygenation over the 1st row TM phosphides further demon-
strates the greater trends in the surface and catalytic chemistry of TM ceramics and how
their complex electronic structure and bulk and surface composition may be understood and
utilized in catalytic chemistry. With respect to the critical and often rate-determining step of
recalcitrant phenolic oxygen cleavage, we have confirmed that the elevated surface chemical
reactivity of TM phosphides towards O is directly beneficial in driving C–O cleavage. This
step was driven directly without the need for hydrogenation of phenol, again showing the
utility of the elevated surface reactivity towards O. In correlating Ar–OH cleavage with
thermodynamic driving force of C–O cleavage and/or TM phosphide electronic structure, the
e↵ect of electron transfer to and from the catalyst surface and the mixed covalent/metallic
bonding in the solids inhibited BEP or Sabatier correlations. In hydrogenation, the covalent
contributions to the bulk bonding and p-state contributions of phosphorous clearly change
atomic H bonding to the surface which leads to limited hydrogenation activity and suppressed
overhydrogenation. The covalent nature of hydrogen transfer resulted in clear BEP, Sabatier,
and d-band center correlations. Stability of the phosphides towards surface phosphorus loss
tracked inversely with the d-band filling and the propensity of the surface to su↵er from
oxidation even under the H2 environment. In the oxidation, another correlation with basic
thermodynamic driving force for TM oxidation was found, with early TMs being unable
evolve H2O from oxygens that healed P-vacancies. Bulk bonding in the phosphides was also
found to be systematic moving right to left in the 1st row TMs. Bonding transformed from
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selectively hybridized and molecular-like with localized TM-P bonding to fully hybridized,
covalent, and more polarized. Unperturbed d-states and higher metal content of the late
TM phosphides led to surface metal sites dominating the reaction mechanism. Early TM
phosphides with higher phosphorus content and p-states straddling the Fermi level led
to catalytically important and/or dominant surface phosphorous chemistry. The greater
generalization of the results indicates that both the electronic structure and surface and
catalytic chemistry of the body of TM ceramics can be understood and rationally selected
for the directed design of new and novel heterogeneous catalysts. Ongoing work on TM
intermetallic compounds (TMs mixed with larger p-block elements) that will be published
in follow-up publications further indicates that these trends extend to TM intermetallic
compounds suggesting a greater family of highly tunable catalysts.
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Chapter 5
Controlling the Surface Chemistry
towards Unsaturated Carbon-Carbon
bonds over Non-oxide Transition
Metal Ceramics: Trends in adsorption
and distortion energies and adsorbate
”activation”
5.1 Overview
In this chapter, we focus on understanding how to control the surface chemistry of catalysts
towards unsaturated carbon-carbon bonds because it is vital to achieving many contemporary
chemical transformations. Transition metal (TM) ceramics (oxides, carbides, nitrides,
sulfides, etc.) are promising materials that exhibit lower and tunable surface reactivity
towards C=C bonds. In this study, we have employed an analysis of the adsorption of benzene
over a large suite of TM ceramic and pure metal surfaces. The broad overview allowed
connections between TM ceramic constituent element selection and the surface reactivity
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they exhibit. The e↵ects of bulk and surface stoichiometry and electronic structure in
dictating surface reaction site nature was also investigated. Calculated energy associated
with molecular distortion of the adsorbate was also developed as a promising surface
reactivity marker that may lend additional insights beyond adsorption energy. Through
a structural analysis, the activation of the adsorbate as evidenced by the elongation of C–C
and C–H bonds and local ring-carbon geometry changes could be captured well by distortion
energy indicating ”activation” may be quantifiable if this technique is developed further.
5.2 Introduction
Catalytic production and functionalization of unsaturated hydrocarbons is a major focus
and persistent challenge for the chemicals industry. This challenge is enhanced considerably
as the source and composition of major chemical feedstocks shift over time. As the
community moves to utilizing CH4, biomass, or other non-petroleum-based feedstocks, many
established catalysts fail to e ciently perform the chemical transformations required to
produce olefins and aromatics. Therefore, new catalytic materials must be discovered and
developed to enable the community to e↵ectively transition to using these new chemical
sources. Catalysts based on transition metal (TM) ceramics, e.g., oxides, carbides, nitrides,
sulfides, etc., that have demonstrated some unique surface chemistry towards C, H, O,
and C=C bonds favorable for olefin/aromatic production are promising candidates for new
catalysts1;56;107–109;113;135. However, due to the size of the available compositional space
of the TM ceramics, a systematic understanding of the surface chemistry as a function of
constituent element selection has remained elusive. In this study, we focus on deciphering the
surface chemistry of a large suite of TM ceramics towards a common unsaturated product,
benzene. The most energetically favorable bulk stoichiometry and surface terminations under
a reducing environment were used to construct the ceramic surface models. Despite limited
information derived by scrutinizing adsorption and molecular distortion of benzene, clear
trends have emerged.
In the lower temperature ( 250-600 C) production of olefins and aromatics from similarly
sized reactants, new balances of surface reactivity towards C, H, and various heteroatoms
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must be realized in catalysts such that dehydrogenation or heteroatom removal may be
achieved and hydrogenation of the resulting C=C bond is limited. Similar, yet more
demanding requirements exist for selective hydrogenation or functionalization reactions
where gentle or significantly limited C=C activation is required. Considering TM or
TM+TM alloys as catalysts for these reactions indicate the materials exhibit too aggressive
surface chemistry towards C=C bonds and too facile hydrogenation kinetics to be promising
catalytic materials131;221–223. Even if a portion of the reaction can be achieved over
these materials, overhydrogenation to saturated products and C–C cleavage are often
prevalent222–225. On the other hand, TM ceramics have demonstrated appropriate surface
chemistry to achieve olefin production through dehydrogenation of saturated hydrocarbons,
e↵ective heteroatom removal while retaining aromaticity or unsaturated C=C bonds, and
the hydrogenation of C=O and NO2 groups is the presence of C=C bonds in selective
hydrogenation56;107;109;135;136;226;227. TM ceramics have also been implicated as the active
material in well-established reactions of Fischer-Tropsch synthesis, nitrogen fixation in the
Haber-Bosch reaction, and hydrodesulfurization21;133;187;228–233.
In addition to the non-model performance tests that have illustrated the utility of TM
ceramic catalysts, many fundamental experimental and computational surface science studies
have demonstrated that clear surface chemical features correlate with catalyst performance.
As a baseline, experimental surface science studies of unsaturated molecule adsorption
over metal surfaces clearly illustrates their inappropriate reactivity for olefin/aromatics
production2;234–238. On the other hand, reduced reactivity towards similar molecules has
been demonstrated over several TM ceramics. For example, an experimental surface
science study by Chen et al. demonstrated that the quite elevated reactivity of Mo (110)
could be attenuated systematically by incorporating O, C, or N into the surface1. The
carburized Mo (110) surface exhibited appropriate reactivity to drive the dehydrogenation
of cyclohexene for benzene production yet MoOx and MoNx both exhibited too low of
reactivity to perform the reaction before cyclohexene desorption occurred. Additional studies
by others on the adsorption of olefins (e.g. ethylene, butadiene, cyclohexene, etc.) over
various metals (Mo, W, Ti, and V) and their carbides and oxides have illustrated that
this e↵ect is general64;212;234–237;239. Extensive computational surface science studies have
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also illustrated that TM ceramics exhibited a range of surface reactivity towards C=C
bond and many presented appropriately low reactivity to enable olefin production and
limit overhydrogenation52;53;56;57;59;107;220;220;240–242. These results show that ceramic surface
chemistry towards C=C bonds and hydrogenation can be reduced to catalytically relevant
levels while preserving the ability to perform dehydrogenation reactions.
In this study, we aimed to generalize and isolate trends in the surface chemistry of a
selection of TM ceramics towards unsaturated C-C bonds. The materials commonly focused
upon by the community both in the past and in more contemporary studies motivated our
choice of materials to investigate. Of the 1st row TM ceramics, TiC, TiN, TiP, CrP, Fe2P,
Co2P, Ni3S2, and Ni2P were selected. This selection allowed for considerable d-state filling
e↵ects and p-element selection to be studied while TM element size remained roughly similar.
To investigate the e↵ect of TM element size, 2nd and 3rd row carbides and nitrides of Mo
and W were selected. Benzene was selected as the probe adsorbate because of its prevalence
in chemical transformations that include aromatic rings in either reactants or products and
its enhanced sensitivity towards reaction site ensemble size. Each TM ceramic was modeled
using classical computational surface chemistry techniques using the lowest energy surface
facet with surface termination (composition) determined under a reducing condition, e.g.,
H2 chemical potential. This approach models the material at the beginning of a reaction
and does not capture surface composition changes driven by other elements in reactants,
e.g., C, O, N, etc. The complexity of this e↵ect necessitates a full study in and of itself. Of
specific interest was the e↵ect of TM ensemble size and relative TM to p-element surface
site reactivity on the nature and strength of benzene adsorption and its molecular distortion
upon adsorption. Our results were correlated with experimentally derived surface science
and catalytic transformation studies to derive general trends. Benzene adsorption over a
selection of common pure metal catalysts (Au, Pd, and Pt) and the base metals of the
ceramics (Ti, Fe, Co, Cr, Ni, Mo, and W) was also investigated to provide a comparison of
relative surface reactivity. Results suggest that the degree of element size match, i.e., orbital-
overlap, within the TM ceramics may be used as a rough activity marker that dictates
the surface chemistry of the TM ceramics and their surface termination under the model
reduction reaction condition (80% H2 at 350 C).
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5.3 Results
5.3.1 Benchmarking Benzene Adsorption over Selected Metals
To appropriately benchmark the surface reactivity of the TM ceramics, adsorption over a
selection of pure metals was performed. The metals of Au, Ni, Pt, and Pd were chosen
due to the ubiquity of their use in heterogeneous catalysis (see Figure 5.1). The parent
metals of the TM ceramics investigated (e.g. Ti, Cr, Fe, Co, Mo, W) were also studied
to ascertain how the surface reactivity was modified by the addition of p-block elements
to the solids (see Figure 5.2). Adsorption over Au represented the limit of low surface
reactivity. Adsorption without vdW interactions was thermoneutral, as expected. On the
other hand, Ni, Pt, and Pd represented surfaces with elevated surface reactivity towards
carbon. Adsorption of benzene over these metals favored a horizontal adsorption geometry
and resulted in moderately exothermic energetics (Eads = –0.87, –1.05, and –1.11 eV for Ni,
Figure 5.1: Adsorption of benzene via both horizontal/prone and tilted/vertical geometries
were studied over TiP (001), CrP (101), Fe2P (100), Co2P (010), Ni2P (001), TiC (100),
TiN(100), and Ni3S2(001) and the (111) surface of Au, Pd, Ni, and Pt as benchmarks. The
color codes for the elements in the model figures are: Ti (light brown), Cr (light purple), Fe
(dark blue), Co (pink), Ni (turquoise), P (orange), C (green), O (red), and H (black).
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Figure 5.2: Adsorption and distortion of molecular benzene over the parent metals of
the TM ceramics, namely Ti (001), Cr (110), Fe (110), Co (001), Mo (110), and W (110).
Elemental color codes are: Ti (light brown), Cr (light purple), Fe (dark blue), Co (pink),
Mo (purple), and W (dark brown).
Pd, and Pt, respectively). Over the parent metals of the TM ceramics, horizontal adsorption
was also dominant. Adsorption was markedly more exothermic for early TMs (Eads = –2.42,
–2.03, and –2.51 eV for Ti, Cr, and Fe) and reduced for latter TMs (Eads = –0.70 and –0.87
eV for Co and Ni). Adsorption over the selected early 2nd/3rd row TMs of Mo and W was
significantly stronger (Eads = –1.80, and –1.78 eV for Mo and W).
Beyond adsorption energy, geometric distortion of the adsorbate lends further insight into
the degree of adsorbate-surface interaction. A local change from sp2 to sp3-like geometry
of the ring carbons and their associated C–C bond lengths stretch tracked well with the
adsorption energies (angle = 25.31, 25.53, and 34.28 degrees and 4% (1.45 Å), 4 % (1.45 Å),
and 6 % (1.48 Å) for Ni, Pd, and Pt, respectively). Similar phenomenon was also encountered
over the base metals (angle = 21.91, 32.08, 20.95, 22.12, 24.20, and 29.87 degrees and C–C
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bond length = 9% (1.52 Å), 6% (1.48 Å), 4% (1.45 Å), 3% (1.44 Å), 5% (1.46 Å), and 6%
(1.48 Å) for Ti, Cr, Fe, Co, Mo, and W, respectively). The marked changes in adsorbate
geometry suggested a significant distortion of the molecular bonding within the adsorbate.
This is further reflected by calculated distortion energies (Co (0.82) < Pd (0.91) < Ni(1.00)
< Fe (1.14) < Mo (1.32) < Pt (1.59) < W (1.69) < Cr (2.19) < Ti (3.23 eV)) with respect
to a gas phase benzene geometry and energy. Both the adsorption/distortion energy and
geometric distortion of the adsorbate illustrate the degree of surface reactivity presented by
the pure TMs and track well with their ability or lack thereof to successfully produce or
functionalize unsaturated hydrocarbons. Even in the late TMs where surface reactivity is
reduced with respect to early TMs the surface reactivity may be to significant to achieve the
target catalytic transformations. Therefore, these materials mark the more reactive range of
surface reactivity towards benzene.
5.3.2 Benzene Adsorption over 1st Row TM Ceramics
Shifting to investigate the adsorption of benzene over the 1st row TM ceramics, we must
first consider their more complicated surface and bulk compositions and how these structural
aspects dictate the nature of the surface sites available for benzene adsorption. Because the
surface composition of the ceramics is dependent upon the stability of the surface lattice
p-elements and reaction conditions, ab initio thermodynamics was used to determine surface
composition under a reducing environment. The selected 1st row TM ceramics generally
exhibited more stable p-element-terminated surfaces. Under the example reducing conditions
(80% H2 at 350 C and 1.0 atm), the selected 1st row TM ceramics all exhibited surfaces
decorated by p-elements at a bulk-like stoichiometry. The concentration of p-elements at
the TM ceramic surface was elevated for early TM ceramics where the TM-to-p-element ratio
was 1:1 and was reduced over later TM ceramics that exhibited 3:1 bulk TM-to-p-element
ratios. This phenomenon dictated the size of TM ensembles at the TM ceramic surfaces and
a↵ected the relative reactivity of the TM and p-element surface sites.
Using compositionally stable surface compositions, benzene adsorption over the 1st row
TM ceramics was significantly attenuated in comparison to their parent metals (e.g. Eads =
0.0, -0.1, –0.90, +0.08, and –0.46 eV for TiP, CrP, Fe2P, Co2P, and Ni2P, respectively, vs.
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–2.42, –2.03, –2.51, –0.70, and –0.87 eV for the corresponding parent metals, respectively).
The electronic structure and surface atom packing over the early TM ceramics (TiP,
TiN, TiC, and Co2P) produced relatively inert surface p-element and TM sites as well
as geometrically hindered access TM sites leading to weak chemisorption of benzene (see
Figure 5.1 and 5.3). Weak interaction with the surface also corresponded to little to no
geometric distortion of the adsorbate, near-zero calculated distortion energies, and no obvious
preference for adsorbate orientation (tilted/vertical vs. horizontal/prone). Over the later
TM ceramics of Fe2P and Ni2P where three-fold TM ensembles were present and accessible,
benzene adsorption was more energetically favorable yet was still significantly less aggressive
than over pure metal surfaces of the TMs (see Figure 5.1 and 5.2). A horizontal/prone
adsorption geometry was favored in either case (Eads = –0.60 and –0.90 eV for Ni2P and
Fe2P, respectively) illustrating the enhanced a nity of the surfaces to the ring carbons.
Similar to the 1st row TM ceramics, mostly inert surface lattice p-elements were encountered.
The moderate adsorption over Ni2P and Fe2P also led to moderate geometric distortion of
benzene and lower calculated distortion energies of benzene (Edist = 0.48 and 0.67 eV for
Ni2P and Fe2P, respectively) in comparison to the base metal surfaces (Edist = 1.00 and 1.14
eV for Ni and Fe, respectively). Carbon-carbon bond length within the benzene ring was
found to extended by 5% (1.47 Å) and 3% (1.44 Å) over Fe2P and Ni2P, respectively. A
deflection of the aryl hydrogens away from the surface (14.68 and 19.25 degrees over Ni2P
and Fe2P, respectively) also showed a modification of the bonding in benzene. In comparison
to adsorption over Ni and Fe (1.45 Åand 25.31 degrees over Ni and 1.46 Åand 22.95 degrees
over Fe), less C–C bond and local carbon geometry changes suggested less activation (used
loosely) of the adsorbate.
In contrast to pure metals, the reduction of benzene adsorption and distortion over the
selected 1st row TM ceramics may promote the formation of benzene or other olefins if all
other surface chemical needs are satisfied for the catalysis to proceed, e.g., dehydrogenation,
C–O or C–S bond cleavage, etc. The relatively inert surface reactivity towards benzene
may also limit its unselective hydrogenation or breakdown. For instance, this connection
was highlighted in our prior work focused on phenol deoxygenation for the production
of benzene59. Of several 1st row TM phosphides investigated, Co2P, Ni2P, and Fe2P all
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Figure 5.3: Benzene adsorption on the less favorable surface reaction sites of Fe2P, Ni2P,
CrP, Mo2C, and Mo2N.
exhibited low reactivity towards benzene yet surmountable phenyl hydrogenation kinetic
barriers (Ea = 0.76, 0.52, and 0.47 eV over Co2P, Ni2P, and Fe2P, respectively)59. The
prediction that these materials would exhibit elevated selectivity towards benzene because of
these surface chemical features was confirmed a priori in the study of guaiacol deoxygenation
over Fe2P, Co2P and Ni2P by by Oyama et al109. The e↵ect of reduced reactivity
towards unsaturated C–C bonds was further illustrated in the study of TiN in the selective
hydrogenation of an alkynyl bond diphenylethyne for the production of stilbene243. A
result that is also directly in line with our investigation of the surface reactivity of TiN
towards benzene. Aside from olefin/aromatics production, the moderate benzene disruption
over Ni2P and Fe2P may also allow e cient aryl ring functionalization. This prediction
is supported by published results that show Ni2P could perform benzene methylation to
produce toluene with moderate selectivity (30+% sel.) directly from phenolic compound
deoxygenation244;245. The clear correlation between surface reactivity towards unsaturated
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products and the ability of the catalysts to produce or selectively functionalize them suggests
the degree of surface reactivity necessary to perform such reactions.
5.3.3 Benzene Adsorption over 2nd/3rd Row TM Ceramics
Selection of catalytically active 2nd and 3rd row TM ceramics for our study was limited to
WC, MoC, Mo2C, MoN, and Mo2N due to availability of experimental surface science and
catalyst performance data and more complex surface termination e↵ects (see Figure 5.4).
Unlike the 1st row TM ceramics considered, the 2nd/3rd row TM ceramics exhibited more
compositionally flexible surfaces as a function of the model reducing reaction environment
(see Table 5.1). Because of the dramatically di↵erent surface reactivity presented by the
di↵erently terminated surfaces, two extrema were investigated: i) a p-element terminated
surface that may model the materials directly after their preparation and at the beginning
of a catalyst performance test or UHV TPD experiment and ii) metal-terminated surfaces
found to be most favorable under the chosen reducing environment that may model the
catalyst under steady-state reducing reaction conditions. Again, the influence of elements
other than H on surface composition was not included, but would likely shift terminations
to native or non-native p-element rich compositions. Element packing of the surfaces varied
considerably between material and as a function of the model reaction environment. At
low H2 chemical potential reaction conditions, Mo2C, MoN, and WC exhibited out-of-plane
p-element decorated surfaces that limited TM ensemble size and inhibited access to surface
TM sites. Under the same conditions, MoC and Mo2N exhibited in-plane packing of TM
and p-elements and presented ready access to TM sites even in the super-stoichiometric p-
element termination case. At elevated H2 chemical potential reaction environments, all 2nd
and 3rd row TM ceramics favored metal terminated surfaces.
The reactivity of the W and Mo ceramic surfaces towards benzene adsorption was a
strong function of surface termination and varied from relatively low (–0.46 eV over Cterm-
Mo2C) and similar to the 1st row TM ceramics to significantly aggressive (–4.04 eV over
Moterm-MoC) and greater than the early pure TMs (see Figure 5.4). A horizontal adsorption
geometry was found to be most favorable in all cases. In general, the Mo-terminated Mo
carbide and nitride surfaces were considerably more reactive than the C or N-rich surfaces.
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Figure 5.4: Benzene adsorption over nonmetal- and metal-terminated surfaces of Mo2C
(001), MoC (001), Mo2N (100), MoN (001), and WC (001). Mo2C, MoC, Mo2N, and MoN
exhibited much higher surface reactivity towards benzene when metal terminated and lower
when nonmetal-terminated. WC showed the opposite trend. Elements in the model figures
are color coded: Mo (purple), W (dark brown), C (green), and H (black).
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Table 5.1: Gibbs free energies of surface composition change over the investigated TM
ceramics at 350 C) using 80% H2 as reactant and hydrogenated non-metal compounds as
products, e.g., CH4, NH3, H2O, H2S, and PH3. The surface was reduced from non-metal
compounds rich ((✓1.25) towards metal-terminated surface. The highlights indicated the
surface favored a bulk-like termination.
Catalyst ✓1.25!✓1.0 ✓1.0!✓0.75 (vacan.) ✓0.75!✓0.5 ✓0.5!✓0.25 ✓0.25!✓0 (M terminated) Ref. gas
TiP 0.17 -0.14 0.15 0.82 2.03 PH3
CrP -0.45 1.18 1.27 2.12 1.10 PH3
Fe2P 0.31 1.23 1.75 1.27 2.11 PH3
Co2P -1.20 1.35 1.34 1.49 1.51 PH3
Ni2P 0.07 0.87 1.14 1.38 2.05 PH3
Ni3S2 0.31 1.34 1.26 1.11 0.84 H2S
TiC -3.98 -1.55 -0.52 -0.37 -0.20 CH4
Mo2C -2.58 -2.95 -2.71 -2.38 -2.45 CH4
MoC -2.99 -3.89 -2.21 -0.86 -0.69 CH4
WC -1.23 -3.98 -3.88 -3.50 -3.05 CH4
TiN -3.51 0.79 2.00 2.00 2.03 NH3
Mo2N -0.07 0.44 0.40 1.30 0.62 NH3
MoN -3.48 -1.82 -1.22 -0.43 0.12 NH3
Interestingly, the opposite trend was observed over WC. Adsorption over metal-terminated
WC, Mo2C, MoC, Mo2N, and MoN was significantly more aggressive (–1.57, –2.13, –4.04,
–1.41, and –2.70 eV, respectively) than even the most reactive 1st row TM ceramics (–0.60
and –0.90 eV over Ni2P and Fe2P). However, as the chemical potential of H2 was reduced and
C or N-terminated surfaces became favorable over MoxC and MoxN, benzene adsorption was
considerably attenuated. Over WC, adsorption over Wterm-WC (Eads = –1.57 eV) was close
to half that of Cterm-WC (Eads = –3.12 eV). Distortion energy of benzene (0.86, 1.34, 1.40,
1.67, and 1.70 eV for metal-terminated WC, Mo2C, MoC, Mo2N, and MoN, respectively)
was generally greater than over the more reactive 1st row TM ceramics (0.48 and 0.67 eV for
Ni2P and Fe2P, respectively) and was similar or greater than adsorption over common pure
metal or parent metal surfaces (0.0, 0.91, 1.0, 1.32, 1.59, and 1.69 eV for Au, Ni, Pd, Mo, Pt,
and W, respectively). It also tracked well with adsorption energy, but was more significant
when bonds to the surface were made through lattice p-elements. Significant distortion
energies over Mo2C (1.42 eV) and Pt (1.59 eV) tracked well with benzene decomposition
over single crystals in UHV surface science studies1;234;246. The generally elevated reactivity
of the 2nd/3rd row TM ceramics may be connected to the reduced orbital overlap between
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the d- and p-states in comparison to the 1st row TM ceramics. However, this concept needs
to be further developed.
Given the elevated reactivity of the metal terminated (p-element lean) surfaces, compo-
sitional changes driven by the constituent elements of other gas phase species may readily
occur. This compositional flexibility may lead to a reaction environment-dependent steady-
state surface composition that dictates catalyst performance. The studies of others have
already illustrated the compositionally dynamic nature of these materials under heteroatom
removal reaction conditions149;247–249. Dehydrogenation and deoxygenation studies have
illustrated this e↵ect with catalyst performance and stability (coke formation) depending
strongly upon H2 chemical potential56;57;107;149;247;250;251. The opposite trend of a more
reactive p-element-rich WC surface suggests that coke formation may be innately promoted
necessitating high H2 chemical potentials. This prediction is in line with the observations of
investigators that compared Mo vs W carbides in various reactions56;57;252–254.
The generally higher reactivity of the 2nd and 3rd row TM ceramics towards benzene
may suggest that they can perform catalytic reactions that involve cleavage of bonds within
or to the ring as needed in dehydrogenation or heteroatom removal. This prediction is in
line with experimental observations of others. For instance, dehydrogenation of cyclohexane
over Mo(110) has been demonstrated in experimental surface science studies by Chen et al1.
A reaction that requires appropriate C–H bond activation and limited reactivity towards
the product benzene. This phenomenon was also observed in powder catalytic performance
studies of nanocarbon supported Mo2C in ethylbenzene dehydrogenation towards styrene
formation where a selectivity of ⇠98% towards styrene at 450 C was observed255. More
disrupted electronic structure of unsaturated hydrocarbons or intermediates may also
facilitate carbon-carbon coupling reactions. This phenomenon has been observed over
supported Mo2C in alkane dehydrogenation reactions (e.g. propane, butane, hexane,
etc.)256–258. The greater reactivity of the Mo nitrides even with p-element rich surfaces
may drive the hydrogenation or cleavage of C=C bonds. Experimental results of others
support this view. For example, Mo2N exhibited ⇠40% selectivity towards unselective
hydrogenated products in selective hydrogenation of crotonaldehyde reaction251. This e↵ect
was also observed in the production of C1-C3 saturated HCs (⇠45% selectivity) in the
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dehydrogenation of butane over Mo2N by others259. The study also showed that WC also
promoted C–C/C=C activation and exhibited ⇠70% selectivity towards C1-C3 saturated
HCs in the same reaction.259. These results suggest a specific range of surface reactivity
is accessed over these materials and is potentially appropriate for reactions that require
elevated C–C/C=C activation.
Focusing on the e↵ect of reaction conditions on determining the surface composition
and reactivity of the 2nd and 3rd row TM carbides and nitrides, several studies have
demonstrated reaction environment-dependent catalytic activity149;230;247–249;260–262. The
greatly elevated reactivity of the metal terminated surfaces towards benzene corresponds
to these observations. For example, this e↵ect is clearly demonstrated in a study by Chen et
al. of the oxidative dehydrogenation of ethane by CO2 over Mo2C manipulated by di↵erent
pretreatment conditions (H2, CO2, and C2H6)249. They found p-element lean surfaces
produced by H2 treatments exhibited aggressive surface reactivity that promoted atomic C
deposition. However, when Mo2C was partially oxidized by CO2, C2H4 production could be
achieved. On the other hand, a C-rich surface produced by C2H6 treatments was shown to be
mostly inert in the reaction. Our results mirror this trend over both MoC and Mo2C. Another
study on crotonaldehyde hydrogenation over Mo2N also showed the similar phenomenon
where the formation of a surface metal hydride was encountered under reaction condition,
which limited C=C and promoted C=O hydrogenation bond leading to unsaturated alcohol
production251. Steady-state surface compositions that were markedly di↵erent from the
as-prepared catalyst has also been demonstrated for Mo and W sulfides in HDS, Mo2C in
biomass deoxygenation, Mo2N in acetylene semi-hydrogenation, etc.149;230;247–249;260–263. This
phenomenon is quite complex and requires a more in-depth study of the e↵ect of reaction
conditions on the steady-state composition of these catalyst surfaces.
5.3.4 Insights from Distortion Energy
Focusing on the geometric distortion of the adsorbate and the energy associated with these
changes, additional information about the surface chemistry appears to be accessible. Figure
5.5 presentes a correlation analysis between distortion energy of benzene vs. Eads and
structural properties of the adsorbate (aryl hydrogen deflection angle and C–C or C–H
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Figure 5.5: Correlations of benzene distortion energy with a) benzene adsorption energy;
b) C–C bond length of the adsorbed benzene; c) aryl hydrogen angle of adsorbed benzene
ring; and d) C-H bond length of the adsorbed benzene. The trends associated with benzene
distortion energy indicated that it can appropriately capture the structural change within
the molecule and be utilized to estimate the degree and nature of adsorbate ”activation”.
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bond lengths). Correlating Eads with distortion (Figure 5.5a) energy showed a general
linear trend. As Eads contains energy associated with changes in both the adsorbate and
surface, the distortion energy may enable a more direct view of changes occuring in just the
adsorbate. Correlating geometric changes in the benzene with distortion energy illustrated
this more direct connection. Elongation of C–C bonds appeared to be the major contributor
to distortion energy and marked surface reactivity that may promote varying degrees of
C–C activation and certain catalytic transformations. Specifically, lower Eads and Edist over
1st row TM ceramics corresponded to less C–C bond elongation. Whereas, more aggressive
surface reactivity (over Wterm-WC, Moterm-MoN, Ti, etc.) corresponded with significant
lengthening of C–C bonds. The angle of the aryl hydrogen also tracks well with distortion
energy and roughly with C–C bond elongation. The nature of the local geometry of the aryl
carbon may indicate a priming of the electronic structure for specific chemical transformation
as well, but this is less clear. The elongation of aryl C–H bonds was clearly a more complex
phenomenon, but still tracked the distortion energy roughly. As bonds are not directly made
between the surface and the aryl hydrogens in benzene adsorption, this e↵ect is wholly a
reflection of the propagation of the disruption of the C–C bonding to the activation of C–H
bonds. Useful compositions for limiting or enhancing C–H activation can also be identified
in this data. Referring back to prior studies used for comparison, the predicted e↵ects of
these geometric changes has been corroborated in several studies.
5.3.5 Insights from D-Band Center Correlations
Correlating adsorption and distortion energies of benzene with the d-band center of the
materials studied, trends were less clear but still indicated interesting new surface chemistry
is accessible over the ceramics. Figure 5.6 shows the correlations derived with TM ceramics
(green) and metals (blue) plotted as separate data sets. Focusing on the metals, the expected
trend of a higher energy d-band center (more populated) corresponding to elevated surface
reactivity was evident. The trend was less clear than those derived for more simple adsorbates
due to the enhanced complexity of the benzene electronic structure. Interestingly, this
trend was reversed over the TM ceramics indicating strong electronic e↵ects in their surface
chemistry or significant surface reaction site nature e↵ects. Again, the non-monotonic
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Figure 5.6: Correlation of a) benzene adsorption energy and b) distortion energy with
the d-band center of TM ceramics and reduced metals. The trends were roughly linear.
Deviation from a global linear trend may be caused by many factors electronic factors due
to the complexity of the ceramics.
changes in electronic structure of the TM ceramics as a function of constituent element
selection dictating the density and nature of states near the Fermi level is likely responsible
for this phenomenon (see Figure 5.7). However, these results nonetheless suggest that new
types of surface chemistry that correlate di↵erently to electronic structure than pure TM
metals exist and may be advantageous in many catalytic reactions. A more detailed study
of these trends is currently underway and will be presented in a follow-up publication.
5.3.6 Ensemble Size E↵ects
Focusing down on to nature of the reaction sites presented by the TM ceramics, we find that
TM ensemble size and the relative reactivity of surface TM and p-elements as dictated by
electronic structure a↵ect benzene adsorption. The selected TM ceramics with p-element-
rich terminations exhibited surface TM and p-element arrangements that varied from p-
elements protruding from the surface (TiP, CrP, Co2P, Cterm-Mo2C, Nterm-MoN, and Cterm-
WC) to homogeneously distributed mixtures of TM and p-elements (TiN, TiC, MoC, and
Nterm-Mo2N) to asymmetric in-plane packing that produced varying sizes of TM ensembles
(Ni2P, Ni3S2, Fe2P, CrP, Cterm-Mo2C, and Moterm-Mo2N). The electronic structure of the
materials dictated the relative reactivity of the TM vs. p-element surface sites with 1st
114
Figure 5.7: Electronic structure of the select TM ceramics showed a non-monotonic changes
in electronic structure as a function of constituent element. This aspect may contribute to
the deviation of the trends observed in Figure 5.5 and 5.6.
row TM ceramics exhibiting mostly inert surface p-elements and 2nd/3rd row TM ceramics
exhibiting catalytically-significant surface p-element reactivity. Aside from electronic e↵ects,
the changes in surface reactivity could be connected to a reasonable degree to the availability
and size of TM surface reaction ensembles. Of the 1st row TM ceramics, Ni2P, Fe2P,
and Ni3S2 presented ensembles large enough to allow significant C-surface bond formation.
Ligand e↵ects were surface TM reactivity was moderately perturbed were also evident over
all materials where larger TM ensembles were available, e.g., Ni2P, Fe2P, Mo2C, MoC, and
Mo2N. In the cases where p-elements were out-of-plane packed and blocked access to surface
TM sites, 1st row TM ceramic surfaces were mostly inert. However, over p-element-rich
2nd/3rd row TM surfaces, the p-elements still exhibited catalytically-relevant reactivity.
These trends in surface reactivity suggest strong electronic e↵ects are present in addition
to classical ensemble e↵ects. Orbital overlap as a function of both TM and p-element size
appears to track well with this phenomenon.
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5.4 Conclusions
The surface and catalytic chemistry of TM ceramics is complicated by their compositional
complexity and flexibility. However, greater trends in surface chemistry are evident as
constituent elements are chosen from about the periodic table. A basic orbital overlap e↵ect
appears to generally dictate several aspects of TM ceramic surface chemistry. First row TM
ceramics were found to be generally less reactive, exhibit more stable surface p-elements
under a reducing environment, mostly inert surface p-elements, and significantly attenuated
surface TM reactivity. This correlates with improved element size match between TM and
the smaller nonmetals. Utilizing 2nd/3rd row TMs in the ceramics reduced this bonding
strength led to more easily removed surface p-elements, more reactive surface p-elements
when present, and significantly elevated reactivity in the metal terminated state. E↵orts
to better quantify the activation of the adsorbate using molecular distortion energy and
molecular structure analysis indicated additional information may be derived from simple
adsorption investigations. Elongation of C–C and C–H bonds and aryl hydrogen deflection
angle correlated well with benzene distortion energy and further isolated materials that may
drive specific chemical transformations, e,g., C=C functionalization, C–H or C–C cleavage,
or mostly inert for C=C production. The rough correlations with distortion energy may
indicate specific electronic features in certain materials that may be catalytically useful, e.g.,
larger C–H bond elongation. Investigating the connection between d-band center and surface
chemistry of the TM ceramics showed a more rough and inversed correlation in comparison
to the pure TM surfaces. All results illustrate the e↵ect of the enhanced complexity of the
electronic structure of the TM ceramics in dictating their surface and catalytic chemistry.
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Chapter 6
Selective and Stable Non-Noble Metal
Intermetallic Compound Catalyst for
the Direct Dehydrogenation of
Propane to Propylene
6.1 Overview
This chapter was heavily focused on the utilization of experimental techniques to illustrate
how we synthesized, charactered, and tested the selective non-noble intermetallic compound
catalysts isolated from DFT calculation in the transformation of propane towards propylene
reaction. The catalyst consisting of Ni3Ga nanoparticles supported on Al2O3 that exhibits
high selectivity (⇠94%), comparable activity (TOF 4.7x10 2 s 1), good stability (⇠94% to
81% over the 82-hour test), and regenerability in the direct dehydrogenation of propane
to propylene at 600 C has been developed. Through synthesis techniques that stabilize the
Ni3Ga phase, the surface composition of the catalytic nanoparticles could be tuned by Ni and
Ga loading such that improved selectivity towards propylene may be achieved. Comparisons
with well-defined silica-supported Ni3Ga and NiGa catalysts and Ni3Ga/Al2O3 with a range
of Ni:Ga loading suggested a specific surface composition range was most promising for
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propylene production. The presence of Ni at the active particle surface was also found to
be critical to drive dehydrogenation and enhance conversion. Whereas, the presence of Ga
was necessary to attenuate the reactivity of the surface to improve selectivity and catalyst
stability.
6.2 Introduction and background
Production and functionalization of unsaturated hydrocarbons (olefins and aromatics)
are foundational to the chemical industry. The reactivity of unsaturated hydrocarbons
makes them highly valuable yet also di cult to produce e ciently86;264–268. Catalysts for
olefins/aromatics production often su↵er from low selectivity due to improperly tuned surface
chemistry towards reactant and product, which leads to unselective consumption of prod-
ucts52;52;59;86;107;266–270. Many are also still comprised of expensive noble metals12;85–87;264. In
an e↵ort to improve these processes, new and inexpensive catalysts that exhibit appreciably
tunable surface chemistry and low reactivity towards olefins/aromatics are needed. Changes
in chemical feedstocks recently have further underscored these needs86;265;267. Herein, we
focus on the discovery and development of a non-noble metal Ni and Ga-based intermetallic
compound (IMC) catalyst for the direct dehydrogenation of propane to propylene.
Catalytic materials that have achieved some degree of success in direct propane
dehydrogenation for propylene production are comprised of platinum IMCs and metal oxides.
Pt-based IMCs, such as Pt+Sn, Pt+Ga, Pt+In, etc., exhibit activity and selectivity, but
are still comprised of expensive metals, su↵er from sintering, and require Cl2 regenerative
treatments86;149;265;271;272. Several non-noble metal oxides, such as CrOx, VOx, MoOx, GaOx,
etc., also exhibit activity and selectivity in alkane dehydrogenation reactions, yet su↵er
from the loss of oxygen under reaction conditions, rapid deactivation, and require frequent
regeneration treatments86;187;273–278.
6.2.1 How the Catalyst was Discovered
In an e↵ort to develop inexpensive non-noble metal catalysts, we have focused upon under-
standing the surface and catalytic chemistry of non-noble transition metal (TM) IMCs and
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ceramics as a function of constituent element, bulk stoichiometry, and surface composition.
Through in-depth, systematic computational surface science studies, experimental synthesis
development, and catalyst performance tests, a suite of IMC and TM ceramic materials with
special low surface reactivity towards C=C bonds and unique reactivity towards hydrogen
have been isolated as promising catalytic materials for the catalytic production of aromatics
and olefins52;59;279;280. These studies have lead us to the discovery of the Ni+Ga catalyst
presented herein.
6.2.2 Overview of the catalyst and its synthesis
Herein, we present a stable and selective propane dehydrogenation catalyst that is comprised
of Ni3Ga IMC nanoparticles supported by Al2O3 (70% delta, 30% gamma phase). Through
actual loading and selecting temperatures that promote the formation of the most stable IMC
phase of Ni3Ga, the catalyst surface composition could be manipulated through changing
nominal loadings53. A silica-supported Ni3Ga catalyst with actual loading matching the
Ni3Ga phase was used for comparison. All materials were determined to exhibit phase pure
Ni3Ga particles, as measured by high resolution XRD using synchrotron radiation. The
naming convention of (nominal loading)@particle-bulk-phase/oxide-support is used, e.g., (1:1
Ni:Ga)@Ni3Ga/Al2O3—the main catalyst.
Many complexities were presented in developing the synthesis procedures for the
supported IMC catalysts, too many to outline fully in a communication. However, a brief
overview of the understanding is presented to aid in reproducing our results. Ni and Ga as
nitrate salts were loaded on alumina using a hydroxide method and on silica by incipient
wetness. In the hydroxide method, Ni and Ga nitrate were transformed to their hydroxides
in H2O using dilute NaOH. The precatalysts were then subjected to a reductive treatment
to form the IMC particles. Annealing under Ar at 700 C for 12hrs was applied to select
catalysts to grow IMC particle size and manipulate IMC surface composition. The bulk
crystal phase of the Ni+Ga IMC particles was found to be sensitive to the reactivity of
the oxide surface and the concentration of H2 and temperature employed during reduction.
These e↵ects were traced back to the di↵usion and availability of Ga during IMC particle
formation and the kinetic preference for Ni3Ga formation.
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When utilizing an alumina support, lower concentrations of H2 and lower temperatures
led to the preferential formation of the Ni3Ga phase, yet also resulted in some amount of
Ga remaining on the oxide surface unincorporated in the IMC particles due to the reactivity
of alumina (Figure 6.1a). Employing silica, a less reactive support, allowed for nearly all
Ga loaded to be incorporated into the IMC particles (see Figure 6.2b). This phenomenon
enabled the production of catalysts that consisted of either Ni3Ga particles with tunable
surface composition over alumina (2% H2 for 1hr at 500 C) or bulk-like terminated Ni3Ga
or NiGa particles over silica (100% H2 at 700 C for 2hrs, Figures 6.2 and 6.3).
Annealing treatments under Ar at 700 C for 12 hours were used to grow IMC particle
size and found not to a↵ect the bulk phase of the IMCs (Figure 6.2). For the silica-supported
catalysts, this treatment also aided in driving the surface composition to be bulk-like (Figure
6.2 and 6.3). The e↵ect of annealing on the surface composition of the alumina-supported
Figure 6.1: a) EDX-mapping on (1:1 Ni:Ga)@Ni3Ga/Al2O3 catalyst showing that a portion
of Ga atoms stay on the Al2O3 support; b) Bright-field and dark-field TEM images and EDX-
mapping on fresh just-reduced Ni3Ga/SiO2 catalyst showing that negligible amount of Ga
atoms presented on SiO2 surface.
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Figure 6.2: XRD for SiO2 supported NiGa with (regular XRD) and without annealing
pretreatment (HR-XRD) showing phase-pure NiGa IMC material.
catalysts could not be determined because of the e↵ect of unincorporated Ga. For the
alumina-supported catalysts that exhibited bulk crystal phases that di↵ered from actual
Ni and Ga loading, the naming convention of (actual loading element ratio)@particle-bulk-
phase/oxide-support is utilized, e.g., (1:1 Ni:Ga)@Ni3Ga/Al2O3. This naming convention
does not imply an exact IMC surface composition. ICP-OES measurements confirmed actual
loadings were within a few percent of target loadings. Ni+Ga IMC crystal phase was found
to be particle-size independent. Co-feed of H2 was not employed in any of our tests. We note
that the o↵-stoichiometric composition at the surface of the alumina-supported particles was
undetectable via XRD.
Performance of the main catalyst of the study, (1:1 Ni:Ga)@Ni3Ga/Al2O3, exhibited high
steady-state selectivity towards propylene production (⇠94%) using only Ar-diluted propane.
Stability was appreciable with only moderate deactivation in long-term performance tests at
600 C (⇠94% to 81%, Figure 6.4a). Conversion remained moderately stable as well (⇠13%
to 9%) over the 82-hour test. Ethylene, another valuable olefin, was the only other major
product. Selectivity towards total olefin production was nearly constant at ⇠94%. Methane
and ethane were minor products (Figure 6.5). Regeneration was possible through in situ O2
and H2 treatment.
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Figure 6.3: a) HS-LEIS depth-profiling of annealed Ni3Ga/SiO2 (red) and as-prepared
(1:1 Ni:Ga)@Ni3Ga/Al2O3 (blue), gray boxes mark where signal-to-noise ratio a↵ected the
HS-LEIS data; b) HS-LEIS of just-reduced Ni3Ga/SiO2 (blue), annealed Ni3Ga (red), just-
reduced NiGa (black), annealed NiGa (magenta), and (1:1 Ni:Ga)@Ni3Ga/Al2O3 before
(olive) and after reaction (gray).
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Figure 6.4: a) Catalytic activity, 82hr stability, and regenerability of (1:1
Ni:Ga)@Ni3Ga/Al2O3; b) HR-pXRD of (1:1 Ni:Ga)@ Ni3Ga/Al2O3 before and after reaction;
c) and d) HAADF and EDX per-particle elemental mapping over (1:1 Ni:Ga)@Ni3Ga/Al2O3
before and after reaction; f) BF-TEM of annealed Ni3Ga/SiO2.
6.2.3 Control Reactions
Tests of an empty reactor, reactor with Al2O3 or Al2O3 and SiC show little to no conversion
and a selectivity of ⇠50% towards propylene. Tests of Ga/Al2O3 without Ni added showed
very low levels of conversion, high initial selectivity, and moderate deactivation over time
suggesting that Ni was required to enhance conversion and present new surface chemistry
that sustains high selectivity. Tests were also performed over SiO2 and Ga/SiO2. Pure SiO2
showed no reaction. Ga/SiO2, interestingly, showed moderately high selectivity after a short
induction time yet quite low conversion. Ga/SiO2 also started to deactivate rapidly after
⇠11 hours under reaction conditions.
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Figure 6.5: Selectivity towards ethane over (1:1 Ni:Ga)@Ni3Ga/Al2O3 in catalytic stability
test (Figure 6.4a) showing that it is a minor by-product when the catalyst reaches steady
state.
6.2.4 Comparison with Industrial Catalysts
Comparison with published catalytic performance of commercial catalysts, Pt-Sn (Oleflex,
80-91% sel. at 25-40% conversion under 1.2-2 bar) and CrOx (CATOFIN, 80-90% sel. at
48-65% conversion under 0.3-1.0 bar) as well as with in-house produced Pt-Sn and CrOx
catalysts (Figure 6.6). The (1:1 Ni:Ga)@Ni3Ga/Al2O3 catalyst exhibited either similar
or superior activity and selectivity. Performance comparison of the in-house produced
catalysts Pt+Sn/Al2O3 and CrOx/Al2O3 catalysts are presented in Figure 6.6. Both
the industrial catalyst compositions showed similarly high selectivity towards propylene
production at the beginning of the run, yet the CrOx/Al2O3 catalyst su↵ered from more
significant deactivation within 10 hours likely due to surface oxygen loss, coking, and
sintering86;273;275;277. The Pt+Sn catalyst was more stable, but deactivated marginally more
quickly than the (1:1 Ni:Ga)@Ni3Ga/Al2O3 catalyst. Sintering has been proposed as the
source of the observed deactivation of the Pt+Sn catalyst85–87. With respect to regeneration,
the CrOx/Al2O3 catalyst is commonly run only for a short time and regenerated by simple
reoxidation86. However, the Pt+Sn catalyst requires aggressive oxidation with molecular
Cl2 to redistribute the Pt and Sn across the oxide surface86;281. The regeneration of the (1:1
Ni:Ga)@Ni3Ga/Al2O3 catalyst is practically similar to that of CrOx with an added reduction
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Figure 6.6: Catalytic performance test of propane dehydrogenation over industrial catalysts
(Pt-Sn/Al2O3 and CrOx/Al2O3) showing that (1:1 Ni:Ga)@Ni3Ga/Al2O3 catalyst is similar
or surpasses the current industrial propane dehydrogenation catalysts in selectivity and
activity. The reaction conditions were set as a total flow rate of 20 sccm (10% propane
balanced with Ar) at 600 C and under atmospheric pressure.
step after initial oxidation. This regeneration is more advantageous than that used for Pt+Sn
catalyst due to the use of Cl2 86;87.
Turnover frequency (TOF) rates for the catalysts were determined using chemisorption of
H2 or CO to determine reaction site concentration for overall rate normalization. The TOF
rate of 4.3E-2 s 1 for propylene production over (1:1 Ni:Ga)@Ni3Ga/Al2O3 was comparable
or greater than the in-house synthesized catalysts of Pt+Sn (4.5E-2 s 1) or CrOx (1.3E-3
s 1) and within an order of magnitude of published results for Pt+Sn and CrOx 277;282–285.
TOF of industrial catalysts could not be found in the literature or patents.
Post-reaction catalyst characterization indicated the IMC nanoparticles were surprisingly
stable. XRD showed phase-pure Ni3Ga persisted with no new phases present. TEM indicated
little change in particle size or morphology (avg 11.2 nm to avg of 12.5 nm). Coke formation
as carbon nanotubes was found to be selectively present about the main catalyst and
associated with smaller IMC particles (Figure 6.7). Expulsion of Ga and the formation
of Ni carbide in less stable small particles may be responsible for the coke formation, but
this was not directly investigated.
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Figure 6.7: Dark-field and bright-field TEM studies on used (1:1 Ni:Ga)@Ni3Ga/Al2O3
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E↵orts to capture the surface composition of the main catalyst using HS-LEIS such that it
may be correlated with catalytic performance failed due to the presence of unincorporated Ga
on the oxide surface. Therefore, connections between IMC surface composition and catalytic
performance were instead derived through comparison with well-defined phase-pure silica-
supported catalysts where the IMC surface composition could be measured reliably. The
suite of silica-supported catalysts consisted of phase pure Ni3Ga and NiGa in just-reduced
and annealed states. EDS analysis of these samples showed that the majority of Ga was
incorporated into the IMC particles. Depth profiling of the annealed Ni3Ga/SiO2 sample
was used to calibrate the HS-LEIS data. The measured surface concentrations of Ni and
average particle sizes of the well-defined catalysts were 92% and 4.3 nm, 77% and 6.8 nm, 46%
and 3.6 nm, and 55% (particle size not determined) for just-reduced Ni3Ga, annealed Ni3Ga,
just-reduced NiGa, and annealed NiGa, respectively, with the balance of the composition
being Ga (Figure 6.3b). HS-LEIS depth profiling data for the main catalyst is presented for
completeness, which showed an approach to the bulk Ni3Ga composition, but profiling was
stopped before this value was reached.
Activity tests for just-reduced Ni3Ga/SiO2 catalyst yielded no presentable data, as
deactivation and significant coke production occurred within the first hour. This indicated
that the Ni-rich surface or smaller average particle size of this catalyst were responsible for
driving unselective reactions. The annealed Ni3Ga/SiO2 where the surface composition was
bulk-like (77% Ni and 23% Ga) showed measurable activity over 3.5 hours, but exhibited
mostly unselective activity and rapid deactivation (Figure 6.8a). The annealed NiGa/SiO2
displayed selectivity (82%) and stability similar to that of the main catalyst yet exhibited
lower conversion (Figure 6.9). These results demonstrated that a systematic increase in
propylene selectivity was directly connected to elevated concentrations of Ga at the Ni+Ga
IMC surface. The comparison of the catalytic performance between SiO2 supported Ni+Ga
IMCs and (1:1 Ni:Ga)@Ni3Ga/Al2O3 suggested that a surface composition between 3:1 and
1:1 Ni:Ga was potentially responsible for favorable performance of the main catalyst. An
IMC particle size e↵ect is also likely present, yet was not studied directly.
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Figure 6.8: a) Product distributions and propane conversion of propane dehydrogenation
reaction over annealed Ni3Ga/SiO2 (12 hrs annealing at 700 C under Ar after reduction); b)
TEM images showed an average particle size of 6-7 nm indicating only slight particle growth
after annealing pretreatment.
Figure 6.9: Catalytic performance over well-defined annealed SiO2 supported NiGa and
Ni3Ga as well as Al2O3 supported NiGa catalysts to partially understand the surface
composition of (1:1 Ni:Ga)@Ni3Ga/Al2O3 that corresponds for its high performance.
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To further understand how the extra Ga of the 1:1 nominally loaded Ga-rich Ni3Ga/Al2O3
catalyst contributes to the surface chemistry of the Ni3Ga IMC particles, a systematic study
was performed using catalyst of higher and lower Ni:Ga ratios, specifically Ni:Ga of 3:1,
1:1 (the basecase), and 1:2. Induction time and the accompanying unselective conversion of
propane tracked inversely as a function of the Ga concentration again suggesting that Ni-rich
regions of the catalyst were blocked either by Ga or by carbon through coke formation (Figure
6.10). This trend was reminiscent of those encountered in approaches aimed at improving
selectivity where inert atoms are added to catalysts or surfaces to block overly reactive
sites286;287. Trends in propane conversion also tracked inversely with the Ga loading. High
and mostly unselective conversion occurred at the Ni:Ga 3:1 nominal loading and decreased
systematically until the limit of Ni:Ga of 2:1 where activity towards propane activation was
significantly diminished. At the nominal loading of Ni:Ga 2:1, similar conversion and activity
Figure 6.10: Catalytic performance of propane dehydrogenation over Ni3Ga/Al2O3 with
di↵erent Ni:Ga actual loadings.
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to the Ga/Al2O3 catalyst was observed. Albeit, less deactivation occurred in comparison
to the Ga-only catalyst. Selectivity changes were most interesting; in that the alumina-
supported Ni:Ga 3:1 loaded catalyst still showed appreciable selectivity towards propylene,
73%. As the Ga concentration increased, selectivity increased monotonically to a limit of
96%. This trend in conjunction with the decrease in conversion as Ga concentration increased
suggested further that Ni is necessary to e↵ectively activate propane yet its reactivity
needed attenuated by Ga to achieve elevated selectivity. Similar systematic reduction in
overly reactive sites was encountered in other noble metal IMC catalyst studies utilizing
Pt+Sn and Pt+Ga compositions288;289 and Pt+Sn and Pd+Sn surface science studies of
olefin adsorption2;238;290. Catalyst loading in the reactor was then modified to investigate
conversion vs. selectivity e↵ects. As selectivity was not a strong function of conversion, the
performance of the catalysts could not be ascribed simply to lower conversion (Figure 6.10c).
To better understand the nature of the Ga-rich Ni3Ga/Al2O3 catalysts during induction
and after steady state activity was reached, we performed a temperature programmed
desorption (TPD) study of propylene utilizing temperature-controlled in situ Di↵use
Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) (Figure 6.11). The catalysts
investigated were (i) freshly prepared and then annealed at 700 C for 2 hrs under Ar
and (ii) the same catalyst brought to steady-state activity and selectivity (after approx
4 hrs). Spectra of propylene adsorption at catalyst temperatures of 25-300 C over the
freshly prepared catalyst indicated propylene was dehydrogenated significantly producing
a propylidyne surface species. This was evidenced by the absorption peaks at 2960, 2927,
2869, 1465, and 1380 cm 1 and similar to results encountered for propylene adsorption over
Pt, Rh, Pd, and Ir291–295. Some degree of intermediate spill-over onto the Al2O3 support also
appeared to be present and evidenced by the vibrations at 1652 and 1860 cm 1 associated
with oxide surface hydroxyl and CO formation291;296–298. It is reasonable to suggest that
the aggressive surface reactivity observed would readily transform any propylene produced
through propane dehydrogenation into intermediates that lead to breakdown products and
coke formation. The vibration at 1580 cm 1 observed after heating to 300 C began to show
signs of coke formation in the form of polyaromatic carbon species299–302. Upon bringing the
catalyst to steady state, the ability of the catalyst to absorb propylene dropped considerably.
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Figure 6.11: Propylene adsorption over the Ga-rich Ni3Ga/Al2O3 catalyst at room
temperature and desorption at elevated temperature tracked by in-situ DRIFTS. Spectra
included, from the top down: gas phase propylene (uppermost), propylene adsorbed on as-
prepared catalyst (next four), and propylene adsorption on a catalyst brought to steady state
activity (bottom three).
The small amount of propylene that did adsorb showed such low signal that an in-depth
analysis of vibrations was not possible, but it is expected that the observed species is likely
still similar to propylidyne and produced at the remaining unselective surface reaction sites.
The dramatic reduction in surface reactivity towards propylene observed at steady-state is
clearly crucial to achieving the appreciably high selectivity of the catalyst.
Computational surface chemistry investigations of propylene adsorption over Ni3Ga
surfaces with a range of surface Ni:Ga ratios further suggest that both an ensemble size
and electronic e↵ect occur as the surface concentration of Ga increases (Figure 6.12).
Adsorption and molecular distortion of the adsorbate energetics show a systematic reduction
in surface reactivity towards propylene from moderately strong to nearly zero as the surface
concentration increases from bulk-like termination of 3:1 to a completely Ga covered surface.
The number of Ni atoms involved in the binding of propylene also reduced systematically
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Figure 6.12: a) DFT calculations of propylene adsorption and distortion energies over
Ni3Ga model surfaces of di↵ering Ni:Ga surface layer compositions; b) calculation model
figures.
from 3 to 2 to 1 as Ga concentration increased. Both adsorption and distortion energies
of propylene were scrutinized, as the latter has proven to lend additional insight into the
disruption of the bonding within the adsorbate52. Similar e↵ects have been encountered over
Pt+Sn, Ni+Sn, and other studies of Ni+Ga232;303–306.
6.3 Conclusion
Non-noble metal IMC catalysts present a relatively new compositional space that exhibits
unique surface and catalytic chemistry promising for olefin production. Through the current
understanding of their synthesis as supported nanoparticles, well-defined and tunable bulk
and surface compositions could be achieved and catalytic activity tuned. Results suggest a
surface composition between 3:1 Ni:Ga and 1:1 Ni:Ga is responsible for the high performance
of the (1:1 Ni:Ga)@/Ni3Ga/Al2O3 catalyst. Further investigations are needed to fully
understand the nature of the IMC surface reaction sites, yet the attenuation of surface
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In this chapter, we present a novel Al2O3 supported phase-pure Ni3Ga non-noble intermetallic
compound catalyst in the direct dehydrogenation of ethane towards ethylene production.
This catalyst has been shown high selectivity (⇠94%), comparable activity (TOF 5.0x10 2
s 1), good stability (⇠94% to 90% over the 32-hour test), and regenerability in the direct
dehydrogenation of ethane to ethylene at 600 C. The bulk crystal phase of Ni3Ga could
be stabilized despite of the actual Ni:Ga loadings via our novel synthesis approach. The
surface composition of Ni3Ga nanoparticles could be tuned by Ni and Ga loading to achieve
improved selectivity towards ethylene. The systematic in-situ DRIFTS and catalytic studies
over Al2O3 supported Ni3Ga with Ni:Ga actual loadings of 3:1, 1:1, and 1:2 demonstrated
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that both surface reactivity and surface Ni concentration could be attenuated by increasing
Ga loading.
Unsaturated hydrocarbons (olefins and aromatics) are important building blocks for a
wide range of products including plastics, solvent, fuel additives, and chemical intermedi-
ates86;307. E cient production of unsaturated hydrocarbons still remains a challenge due to
the large di↵erence in the reactivity between reactant and product.86;266;267. Appropriate
surface chemistry towards C and H must be able to drive dehydrogenation to initiate
the reaction. However, appropriately low surface reactivity towards C=C is needed to
limit olefin decomposition and coke formation to maintain selectivity and catalyst activity.
Pt-group noble metals (PGMs) promoted by a selection of p-block elements, namely Sn,
Ga, In, and Zn, have been extensively utilized in alkane transformation towards olefin
production86;308;309. The addition of p-block elements to PGMs enhanced both selectivity
and stability in many direct alkane dehydrogenation reactions with the e↵ect explained by
evoking ensemble and electronic e↵ects86;271;272. However, these catalysts are still composed
of expensive noble metals, may su↵er from sintering, and often require co-fed H2 to maintain
selectivity and stability86;271;310. A handful of non-noble metal oxides, such as CrOx, VOx,
MoOx, GaOx, etc., have also been reported to show considerable activity and selectivity in
alkane dehydrogenation reactions86;187;275;278. However, these materials su↵er from the loss
of oxygen under reaction conditions, rapid deactivation, and require frequent regeneration
treatments86;275;277;278. Because of the rapid increase in olefin demand in the near future,
more economic, noble-metal free catalytic materials are needed. Further improvement of
rate and selectivity are also still needed as well as enhanced understanding of how to control
surface reactivity towards C and H.
Through our prior in-depth, systematic computational surface science studies, experimen-
tal synthesis development, and catalyst performance tests, a suite of non-noble transition
metal IMC and ceramic materials with tunable reactivity towards C=C bonds and unique
reactivity towards hydrogen have been isolated as promising materials for the catalytic
production of aromatics and olefins52;53;59;311–313. Our prior studies have shown that alumina
supported Ni3Ga with 1:1 Ni:Ga actual loading exhibited high steady-state selectivity
towards propylene (⇠93%) with impressive long-term stability (82 hrs) and regenerability in
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the direct dehydrogenation of propane53. We also found that relatively phase-pure Ni3Ga
could be stabilized on alumina regardless of the actual Ni:Ga loadings (e.g. 3:1, 1:1, and 1:2
Ni:Ga) using lower temperatures during the pre-catalyst reduction step. This kinetic e↵ect
allowed the IMC surface composition to be tuned by the actual loading of the metals and
allowed for a systematic decrease in surface reactivity as Ga concentration increased53.
In the current study, we present stable and selective alumina supported Ni3Ga with 1:1
Ni:Ga actual loading in the direct ethane dehydrogenation towards ethylene production.
The Ni:Ga actual loadings of 3:1, 1:1 and 1:2 were systematically studied in the reaction
to ascertain how the surface active sites are modified by Ni:Ga loadings and how they
a↵ect catalytic activity and selectivity (Figure 7.1). It is hypothesized that the surface
Ga concentration can be elevated as Ga loading increased, which may lead to a decrease
in surface reactivity. The findings of this study confirmed that both surface Ni sites and
reactivity decreased when more Ga was loaded in the catalyst. These novel findings are
supported by the systematic performance studies and in situ ethylene and CO DRIFTS
studies. Our prior study showed that all three materials exhibited relatively phase-pure
Ni3Ga evidenced by the long-acquisition-time (3.5 hrs) pXRD measurements53. Particle size
Figure 7.1: TEM images of fresh Al2O3 supported Ni3Ga with the actual Ni:Ga loadings
of 3:1, 1:1, and 1:2.
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was quantified by TEM. Moderately sized particles of average diameter of 9.8, 11.2, and 9.0
nm were found for Ni3Ga with 3:1, 1:1, and 1:2 actual Ni:Ga loadings, respectively (Figure
7.1).
Performance tests of the main catalyst of the study, Ni3Ga/Al2O3 with 1:1 Ni:Ga actual
loading, indicated excellent selectivity towards ethylene production (⇠94%) using only
ethane in an Ar diluent gas. Catalyst was treated under 10% propane balanced with Ar
at 600  C for 6 hrs before switching to ethane dehydrogenation reaction to poison over-
reactive sites. Stability towards ethylene selectivity was appreciable with minor deactivation
detected after extended operation of 30+ hours at 600  C (from ⇠94% to ⇠90%). Conversion
of ethane was also quite stable at approximately 10% early in the reaction and fell to a value
of 6% at the end of the 30+ hr test. However, after a regeneration step, the catalyst stability
was greatly improved. In addition to ethylene, methane was the only other product observed
besides H2 (Figure 7.2). The in situ regeneration of the catalyst with an oxidative/reductive
cycle using only O2 and H2 showed the catalyst was quite robust. After regeneration, a
propane treatment was used again to poison the over-reactive sites. Both initial selectivity
and conversion were restored after the regeneration cycle and the stability of conversion and
selectivity was improved as well.
Figure 7.2: Catalytic activity, stability, and regenerability of Al2O3 supported Ni3Ga with
1:1 Ni:Ga actual loading.
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To further understand how extra Ga loaded on Ni3Ga/Al2O3 influenced the surface
chemistry of the Ni3Ga IMC particles, a systematic study was conducted using catalysts
that consisted of Ni:Ga of 3:1, 1:1 (the basecase), and 1:2 actual loadings. A systematic and
monotonic increase in ethylene selectivity was found as the Ga loading increased (Figure
7.3a). With 3:1 Ni:Ga actual loading, the catalyst showed appreciable selectivity towards
ethylene, ⇠80%. As the Ga loading increased, selectivity increased monotonically to ⇠94%
(1:1 Ni:Ga) and to a limit of ⇠96% (1:2 Ni:Ga loading). The results suggested a systematic
decrease in surface reactivity towards carbon when Ga loading increased. The catalyst
with 3:1 Ni:Ga loading clearly still promoted unselective C-C/C=C bond cleavage likely
through over-reactive Ni ensemble sites. The reactivity was significantly attenuated as
Ga loading increased upward to 1:1 and 1:2 Ni:Ga actual loading. A similar systematic
reduction in overly reactive sites was encountered by others using noble and transition
metal IMC catalysts, e.g., Pt+Sn, Pd+In, and Ni+Ga53;232;314. Surface science studies of
Pt+Sn and Pd+Sn confirm the reduced reactivity towards unsaturated HCs as p-element-
rich surface compositions were used2;290. Trends in ethane TOF also tracked with the Ga
loading illustrating ensemble and potentially marked electronic e↵ects. More aggressive
deactivation was found over the catalyst with 1:2 Ni:Ga actual loading in comparison to
Figure 7.3: Catalytic performance of ethane dehydrogenation over Ni3Ga/Al2O3 with
di↵erent Ni:Ga actual loadings.
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the other two catalysts. It is worth noting that the presented ethane TOFs are based on
H2 chemisorption on as-prepared catalysts that haven’t had over-reactive sites poisoned by
propane pre-treatment. Therefore, they are expected to be lower than TOFs calculated if
accurate H2 chemisorption was possible over a catalyst treated with propane and brought
to initial steady-state activity. This study was, unfortunately, not possible. The catalytic
performances suggested that both surface reactivity and reaction sites can be attenuated by
elevating Ga loading and an appropriate amount of Ni needed to be presented on the surface
to achieve elevated selectivity and stability.
Characterization of post-reaction catalysts (3:1, 1:1, and 1:2 Ni:Ga actual loadings)
indicated that the IMC nanoparticles were surprisingly stable. TEM particle size analysis
suggested little change in particle size or morphology (avg of 9.8 vs. 11.9 nm, 11.2 vs. 12.5
nm, and 9.0 vs. 12.2 nm before and after reaction over 3:1, 1:1, and 1:2 Ni:Ga actual loadings,
respectively). XRD showed that the phase-purity of Ni3Ga persisted over all three materials
during reaction process (Figure 7.4). Coke formation occurred over all three catalysts and
a systematic trend was found where the degree of coke formation appeared to be reduced
as Ga loading increased (Figure 7.5). This indicated that coke formation can be suppressed
when more Ga is presented on the surface due to a decrease in surface reactivity.
Figure 7.4: Regular pXRD of used Al2O3 supported Ni3Ga catalysts with di↵erent Ni:Ga
loadings.
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Figure 7.5: TEM images over Al2O3 supported Ni3Ga with the Ni:Ga actual loadings of 3:1,
1:1, and 1:2 after ethane dehydrogenation reaction. The results showed that coke formation
occurred over all three catalysts.
To understand the e↵ect of propane pre-treatment in enhancing ethylene selectivity,
ethylene temperature-programmed desorption (TPD) was investigated with in-situ Di↵use
Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) over as-prepared and
propane-treated Ni3Ga/Al2O3 with 1:1 Ni:Ga actual loading (Figure 7.6). Ethylene
was adsorbed at room temperature and then tracked with DRIFTS as the the catalyst
temperature was ramped to 100, 200, and 300 C. Over as-prepared catalyst, ethylene
adsorption leads to further dehydrogenation and ethylidyne production at temperatures
between 25 C and 200 C. This was evidenced by the absorption peaks at 2925, 2866, and 1383
cm 1 and similar spectra recorded for ethylene adsorption over Pt, Rh, Pd, and Ir298;315;316.
The vibrations at 2961, 1626, and 1469 cm 1 suggested that molecular ethylene could adsorb
intact on the catalyst surface similar to other adsorption studies317–319. The vibration at 1577
cm 1 observed after heating to 300 C suggests coke formation in the form of polyaromatic
carbon species299;301. After treating the catalyst with 10% propane at 600  C for 6 hrs,
the ability of the catalyst to absorb ethylene was reduced considerably. Neither ethylene nor
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Figure 7.6: Ethylene adsorption over the Ni3Ga/Al2O3 with 1:1 Ni:Ga catalyst at room
temperature and desorption under inert sweep gas at elevated temperature tracked by in-situ
DRIFTS. The catalyst was prepared in-situ before measurement.
ethylidyne species were detected after propane treatment. This phenomenon can be ascribed
to the fact that the unselective surface reaction sites were poisoned during the treatment of
propane, which is clearly crucial to achieving the appreciably high selectivity of the catalyst.
The nature of the reaction sites on the catalyst were investigated by in situ CO adsorption
and desorption DRIFTS experiments. All three catalysts (3:1, 1:1, and 1:2 Ni:Ga actual
loadings) were prepared ex situ and passivated. All passivated catalysts were reduced in
situ but not contacted with propane before CO adsorption. Spectra were taken after dosing
1% CO/Ar for 10 min at room temperature (Figure 7.7a). A systematic suppression of CO
adsorption was found as the actual Ga loading increased. This may be attributed to the
reduction of surface reactivity through an electronic e↵ect or a Ni ensemble-size e↵ect. Over
3:1 Ni:Ga actual loading, CO adsorbed at Ni-Ni bridge sites (1975 cm-1), Ni atop sites (2001
and 2015 cm-1), and atop Ni with multiple CO bound (2100 cm-1) were all detected. The
vibrational signatures and assignment are in agreement with prior studies by others320–322.
As Ga loading increased, bridge and singular-CO adsorption atop Ni were diminished and
nearly absent at a loading of 1:2 Ni:Ga. Desorption by purging at room temperature showed
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Figure 7.7: in-situ CO DRIFTS studies over Ni3Ga/Al2O3 with respect to the Ni:Ga actual
loadings of 3:1 (blue), 1:1 (black), and 1:2 (red) before a) and after b) purging process.
Adsorption and desorption by Ar purging were both performed at room temperature.
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surface reactivity was a↵ected by Ga loading in addition to ensemble e↵ects. CO remained
adsorbed over the 3:1 Ni:Ga sample, but desorbed readily from the 1:1 and 1:2 Ni:Ga catalysts
(Figure 7.7b). The same e↵ect was reproduced with DFT calculations over Ni3Ga surfaces
with varied surface Ni:Ga ratios of 3:1 (–1.92 eV), 1:1 (–1.06 eV), and 1:3 (–0.52 eV).
A reduction of ensemble size and site reactivity correlates well with dramatic selectivity
increases towards ethylene production. This phenomenon was also found in CO adsorption
over Pt+Sn and Pd+In catalysts as a function of p-block element concentration suggesting
catalytically important tunability and IMC composition spaces useful for catalysis320;322.
7.2 Conclusion
In summary, an Al2O3-supported Ni3Ga catalyst has been isolated that exhibits excellent
tunability with respect to its surface chemistry and high selectivity towards ethylene in the
direct dehydrogenation of ethane at 600 C. A kinetically trapped Ni3Ga phase could be
achieved despite actual Ni:Ga loading. This allowed actual Ni and Ga loading to control
the surface composition of the Ni3Ga nanoparticles. Conversion decreased and selectivity
increased as Ga loading was increased from 3:1 to 1:2 Ni:Ga. The 1:1 Ni:Ga actual loading
catalyst presented the best balance of activity and selectivity as well as excellent stability
and regenerability. Propane treatment of the catalyst was critical to react away over-reactive
sites, likely rich in Ni. This study demonstrates that non-noble metal IMC catalysts provide a
relatively new compositional space for the community for classic and contemporary reactions
as surface chemical needs change. Further investigations are needed to confirm whether the
changes in surface chemistry are of ensemble, ligand, or electronic nature, but it is clear that
limited reactivity towards the C=C bond in ethylene can be achieved.
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Chapter 8
Conclusions and Proposed Work
8.1 Conclusions and Proposed Work
In summary, we have illustrated that TM ceramics and TM intermetallic compounds
present uniquely tunable surface chemistry similar to noble metals. It also provides
a wholly new reactivity that can provide new avenues for chemical transformations in
biomass deoxygenation and alkane dehydrogenation. Our results hopefully provide a
basis of rationally designing selective catalysts utilizing both theoretical and experimental
approaches. Our investigations of the reaction mechanism of guaiacol deoxygenation revealed
that TM phosphides have appropriate surface reactivity towards C, O, and H such that the
benzene production is promoted. The conclusion from the theoretical analysis coincided
with the current state of the deoxygenation of biomass-model compounds (e.g. guaiacol,
phenol, anisole, cresole, etc.) where later TM phosphides showed selective and stable
catalytic performances in deoxygenation reactions. The discovery of oxide-supported Ni+Ga
IMC catalysts clearly demonstrated that DFT calculations are su ciently accurate to
provide useful information to isolate selective catalysts. The simple probe calculation of
ethylene adsorption suggested transition metal intermetallic compound catalysts display the
appropriately low reactivity towards C=C bond needed for the alkane dehydrogenation
reaction. This prediction, obtained from DFT calculation, accelerated the discovery of
selective catalysts for alkane dehydrogenation by decreasing the range of catalyst screening.
Advanced synthesis methods for producing phase-pure Ni-based IMCs was successfully
143
investigated in-house and verified by regular p-XRD and HR-XRD. Systematic study of
HS-LEIS indicated that we can produce bulk-like surface terminated Ni+Ga IMC with
di↵erent stoichiometries. With these state of the art experimental techniques, we were able
to understand the surface chemistry of TM IMCs experimentally to a certain degree, which
is critical for designing better catalysts.
Several lines of investigations are suggested for future work: 1) DFT calculations will be
employed to investigate how the electronic structure of Ni3Ga can be a↵ected by modifying
the surface Ni:Ga ratio; 2) the direct dehydrogenation of butane and cyclohexane should be
tested to show the generality of Ni+Ga IMC catalysts in alkane dehydrogenation reactions;
and 3) other TM IMCs (e.g. Fe+Ga) will be synthesized utilizing the current synthesis
method developed in-house to ascertain if our synthesis methodology is generalizable for
other TM IMCs materials. From DFT study, we will expect a systematic trend in the
electronic structure as more Ga presented on the surface. Because we are able to tune the
stoichiometry and the surface composition of phase-pure Ni+Ga IMC materials, we believe
butane and cyclohexane dehydrogenations will result in high steady selectivity towards olefin
production at a moderate conversion. In fundamental heterogeneous catalysis research, the
ready tunability of surface reactivity is a major aim of the community and is expected to
be available throughout the many hundreds of di↵erent IMC compositions just counting the
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[120] González-Borja, MÁ and Resasco, DE. Anisole and Guaiacol Hydrodeoxygenation over
Monolithic Pt–Sn Catalysts. Energy Fuels 25 (2011) 4155. doi:10.1021/ef200728r 33,
47, 61
[121] Echeandia, S; Pawelec, B; Barrio, V; Arias, P; Cambra, J; Loricera, C; and Fierro,
J. Enhancement of phenol hydrodeoxygenation over Pd catalysts supported on mixed
HY zeolite and Al2O3. An approach to O-removal from bio-oils. Fuel 117 (2014) 1061.
doi:10.1016/j.fuel.2013.10.011
[122] Hellinger, M; Baier, S; Mortensen, P; Kleist, W; Jensen, A; and Grunwaldt, J.
Continuous Catalytic Hydrodeoxygenation of Guaiacol over Pt/SiO2 and Pt/H-MFI-
90. Catal. 5 (2015) 1152. doi:10.3390/catal5031152 65, 86
[123] Lin, Y; Li, C; Wan, H; Lee, H; and Liu, C. Catalytic Hydrodeoxygenation of Guaiacol
on Rh-Based and Sulfided CoMo and NiMo Catalysts. Energy Fuels 25 (2011) 890.
doi:10.1021/ef101521z 64
[124] de Souza, P; Rabelo-Neto, R; Borges, L; Jacobs, G; Davis, B; Graham, U; Resasco,
D; and Noronha, F. E↵ect of Zirconia Morphology on Hydrodeoxygenation of Phenol
over Pd/ZrO2. ACS Catal. 5 (2015) 7385. doi:10.1021/acscatal.5b01501 33, 61
160
[125] Teles, C; Rabelo-Neto, R; de Lima, J; Mattos, L; Resasco, D; and Noronha, F.
The E↵ect of Metal Type on Hydrodeoxygenation of Phenol Over Silica Supported
Catalysts. Catal. Lett. 146 (2016) 1848. doi:10.1007/s10562-016-1815-5 33
[126] Gao, D; Schweitzer, C; Hwang, H; and Varma, A. Conversion of Guaiacol on Noble
Metal Catalysts: Reaction Performance and Deactivation Studies. Ind. Eng. Chem.
Res. 53 (2014) 18658. doi:10.1021/ie500495z 33, 81
[127] Chang, J; Danuthai, T; Dewiyanti, S; Wang, C; and Borgna, A. Hydrodeoxygenation
of Guaiacol over Carbon-Supported Metal Catalysts. ChemCatChem 5 (2013) 3041.
doi:10.1002/cctc.201300096 33, 64, 65, 81, 86
[128] Bykova, M; Ermakov, D; Kaichev, V; Bulavchenko, O; Saraev, A; Lebedev, M; and
Yakovlev, V. Ni-based Sol–gel Catalysts as Promising Systems for Crude Bio-oil
Upgrading: Guaiacol Hydrodeoxygenation Study. Appl. Catal. B 113-114 (2012)
296. doi:10.1016/j.apcatb.2011.11.051 33, 65, 90
[129] Monnier, J; Sulimma, H; Dalai, A; and Caravaggio, G. Hydrodeoxygenation of Oleic
Acid and Canola Oil over Alumina-supported Metal Nitrides. Appl. Catal. A 382
(2010) 176. doi:10.1016/j.apcata.2010.04.035 34, 66
[130] Whi↵en, V; Smith, K; and Straus, S. The Influence of Citric Acid on the Synthesis and
Activity of High Surface Area MoP For the Hydrodeoxygenation of 4-methylphenol.
Appl. Catal. A 419-420 (2012) 111. doi:10.1016/j.apcata.2012.01.018 34, 66
[131] Myint, M and Chen, JG. Understanding the Role of Metal-Modified Mo(110)
Bimetallic Surfaces for C–O/C=O and C–C Bond Scission in C3 Oxygenates. ACS
Catal. 5 (2015) 256. doi:10.1021/cs5012734 34, 100
[132] Poroso↵, MD; Kattel, S; Li, W; Liu, P; and Chen, JG. Identifying trends and
descriptors for selective CO 2 conversion to CO over transition metal carbides. Chem.
Commun. 51 (2015) 6988. doi:10.1039/c5cc01545f 35
[133] Kojima, R and Aika, K. Cobalt molybdenum bimetallic nitride catalysts for ammonia
synthesis. Appl. Catal. A 219 (2001) 157. doi:10.1016/s0926-860x(01)00678-0 100
161
[134] Eijsbouts, S; Mayo, S; and Fujita, K. Unsupported Transition Metal Sulfide Catalysts:
from Fundamentals to Industrial Application. Appl. Catal., A. 322 (2007) 58. doi:
10.1016/j.apcata.2007.01.008
[135] Oyama, S. Novel Catalysts for Advanced Hydroprocessing: Transition Metal
Phosphides. J. Catal. 216 (2003) 343. doi:10.1016/s0021-9517(02)00069-6 99, 100
[136] Oyama, S. E↵ect of Phosphorus Content in Nickel Phosphide Catalysts Studied by
Xafs and Other Techniques. J. Catal. 210 (2002) 207. doi:10.1006/jcat.2002.3681 35,
66, 80, 100
[137] BAETZOLD, R. Preexponential factors in surface reactions. J. Catal. 45 (1976) 94.
doi:10.1016/0021-9517(76)90059-2 36
[138] Hansen, EW and Neurock, M. Modeling surface kinetics with first-principles-based
molecular simulation. Chem. Eng. Sci. 54 (1999) 3411. doi:10.1016/s0009-2509(98)
00489-8
[139] Wang, Z and Seebauer, E. Estimating pre-exponential factors for desorption from
semiconductors: consequences for a priori process modeling. Appl. Surf. Sci. 181
(2001) 111. doi:10.1016/s0169-4332(01)00382-8 36
[140] Grabow, LC; Gokhale, AA; Evans, ST; Dumesic, JA; and Mavrikakis, M. Mechanism
of the Water Gas Shift Reaction on Pt: First Principles, Experiments, and Microkinetic
Modeling. J. Phys. Chem. C 112 (2008) 4608. doi:10.1021/jp7099702
[141] Mhadeshwar, AB and Vlachos, DG. Microkinetic Modeling for Water-Promoted CO
Oxidation, WaterGas Shift, and Preferential Oxidation of CO on Pt. J. Phys. Chem.
B 108 (2004) 15246. doi:10.1021/jp048698g 36
[142] Lu, J; Behtash, S; Faheem, M; and Heyden, A. Microkinetic modeling of the
decarboxylation and decarbonylation of propanoic acid over Pd(111) model surfaces
based on parameters obtained from first principles. J. Catal. 305 (2013) 56. doi:
10.1016/j.jcat.2013.04.026 36
162
[143] Stegelmann, C; Schiødt, N; Campbell, C; and Stoltze, P. Microkinetic modeling of
ethylene oxidation over silver. J. Catal. 221 (2004) 630. doi:10.1016/j.jcat.2003.10.004
36
[144] Tan, Q; Wang, G; Long, A; Dinse, A; Buda, C; Shabaker, J; and Resasco, DE.
Mechanistic analysis of the role of metal oxophilicity in the hydrodeoxygenation of
anisole. J. Catal. 347 (2017) 102. doi:10.1016/j.jcat.2017.01.008 37
[145] Chiu, C; Genest, A; Borgna, A; and Rosch, N. Hydrodeoxygenation of Guaiacol over
Ru(0001): A DFT Study. ACS Catal. 4 (2014) 4178. doi:10.1021/cs500911j 38, 47,
54, 59, 66, 69, 72, 80, 81
[146] Lu, J; Behtash, S; Mamun, O; and Heyden, A. Theoretical Investigation of the Reaction
Mechanism of the Guaiacol Hydrogenation over a Pt(111) Catalyst. ACS Catal. 5
(2015) 2423. doi:10.1021/cs5016244 47, 54, 69, 80, 81
[147] Hensley, AR; Wang, Y; and McEwen, J. Phenol Deoxygenation Mechanisms on Fe(110)
and Pd(111). ACS Catal. 5 (2015) 523. doi:10.1021/cs501403w 66, 68
[148] Honkela, M; Bjork, J; and Persson, M. Computational Study of the Adsorption and
Dissociation of Phenol on Pt and Rh Surfaces. Phys. Chem. Chem. Phys. 14 (2012)
5849. doi:10.1039/c2cp24064e
[149] Lee, K; Gu, G; Mullen, C; Boateng, A; and Vlachos, D. Guaiacol Hydrodeoxygenation
Mechanism on Pt(111): Insights from Density Functional Theory and Linear Free
Energy Relations. ChemSusChem 8 (2014) 315. doi:10.1002/cssc.201402940 38, 66,
72, 110, 111, 118
[150] Li, D; Bui, P; Zhao, H; Oyama, S; Dou, T; and Shen, Z. Rake mechanism for the
deoxygenation of ethanol over a supported Ni2P/SiO2 catalyst. J. Catal. 290 (2012)
1. doi:10.1016/j.jcat.2012.02.001 43
[151] Kanama, D; Oyama, S; Otani, S; and Cox, DF. Photoemission and LEED
characterization of Ni2P(). Surf. Sci. 552 (2004) 8. doi:10.1016/j.susc.2004.01.038
163
[152] Wu, S; Lai, P; and Lin, Y. Atmospheric Hydrodeoxygenation of Guaiacol over Nickel
Phosphide Catalysts: E↵ect of Phosphorus Composition. Catal. Lett. 144 (2014) 878.
doi:10.1007/s10562-014-1231-7 64, 66, 80, 86, 90
[153] Wu, S; Lai, P; Lin, Y; Wan, H; Lee, H; and Chang, Y. Atmospheric
Hydrodeoxygenation of Guaiacol over Alumina-, Zirconia-, and Silica-Supported Nickel
Phosphide Catalysts. ACS Sustain. Chem. Eng. 1 (2013) 349. doi:10.1021/sc300157d
43, 61, 86
[154] Lischka, M; Mosch, C; and Groß, A. Tuning catalytic properties of bimetallic surfaces:
Oxygen adsorption on pseudomorphic Pt/Ru overlayers. Electrochim. Acta. 52 (2007)
2219. doi:10.1016/j.electacta.2006.03.113 47
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and Behm, RJ. Bimetallic PtSn catalyst for selective CO oxidation in H2-rich gases




Yang He is originally from Xinxiang, Henan province, China. He graduated with a B.Sc.
in Chemical Engineering from the University of Alabama (Tuscaloosa, AL) in 2012. After
graduation, he started the PhD program at the Department of Chemical and Biomolecular
Engineering in University of Tennessee (Knoxville, TN) in 2012 and joined the catalysis
research group of Dr. Siris Laursen. His doctoral research utilizes a combined theoretical
and experimental approach to rationally design heterogeneous catalysts for many important
complementary reactions that need selectively activate C–O, C–C, and C–H bonds.
185
